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General handling conditions 
All the manipulations have been carried out under inert Argon atmosphere, using the standard 
Schlenk techniques. The solvents used have been purified by the solvent purificator MBraun SPS-800 
over filtrating columns filled with molecular sieves of 0.4 nm, and have been stocked under Argon 
atmosphere. The solids have been manipulated in glove-box under Argon atmosphere. 
 
Equipment 
 Nucleus Magnetic Resonance (NMR) 
1H, 11B, 13C, 19F, 31P and 29Si: Bruker Avance 300, 400 and 500 MHz. 
The complete characterization of the products has been done using 1D experiments, as well as 2D 
analysis, such as COSY (1H-1H, 31P-31P), HSQC (1H-13C, 1H-29Si), HMBC (1H-13C, 1H-31P, 1H-29Si) and 
NOESY. The chemical shift have been counted positively verse the low field, and expressed in part 
per million (ppm). The coupling constant are expressed in Hz. The references are: Me4Si for 1H, 13C 
and 29Si; phosphoric acid, H3PO4, for 31P (85 % solution), CFCl3 for 19F and BF3.OEt2 for 11B (15 % 
solution in CDCl3). 
The abbreviations to describe the signals are: s (singlet), d (doublet), t (triplet), dd (doublet of 
doublets), ddd (doublet of doublet of doublets), sept (septuplet), m (multiplet), Ar (aromatic), JAB 
(coupling constant between A and B), br (broad signal). 
 
 Melting point. 
Digital device Electrothermal Stuart SMP40. The samples have been prepared in the glove-box 
before the analysis. 
 
 Infrared (IR). 
Device Varian 640-IR. The samples have been prepared in solution in a vessel under Argon 
atmosphere. The spectrum of the product has been obtained by subtraction of the solvent’s 
spectrum. 
 
 X-ray diffraction analysis. 
The X-ray diffraction analysis have been carried out by Nathalie Saffon-Merceron, Sonia Ladeira 
and Daisuke Hashizume, using Bruker-AXS kappa APEX II and Bruker-AXS D8-Venture diffractometers. 
The structures were solved using SHELXS-97,[1,2] SHELXT[3] and SHELXL-2014 programs.[4,5] 
 
 Mass spectroscopy. 
The mass spectroscopy analysis were done using direct chemical ionization (DCI-CH4) methods, 
and recorded on a GCT Premier Waters mass spectrometer. 
 
 Elemental analysis 
The elemental analysis (C, N and H) were performed by Daisuke Hazhizume at the Advance 
Technology Support Division at RIKEN Advance Science Institute (Materials Characterization Support 
Unit RIKEN, Centre for Emergent Matter Science) in Saitama, Japan. 
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Theoretical calculations 
The theoretical calculations have been carried out by Dennis Lutters and by Dr. Thomas Müller 
(professor in the Carl-von-Ossietzky University of Oldemburg, Germany), using the Gaussian 09 
program versions B1 and D1.[6] The M06-2X functional along with the 6-311+G(d,p) basis set was 
used for structure optimizations.[7] Population analysis was done using the NBO 3.1 program as 
implemented in the Gaussian 09 program using wavefunctions obtained using the M06-2X functional 
and the cc-PVTZ basis set.[8,9] 
 
Abbreviations 
Ad Adamantyl 
Ar Aryl 
Atm Atmosphere 
Bar Bar 
cAAC Ciclyc alkyl amino carbene 
Cat Catalyst 
CH3CN Acetonitrile 
COSY Correlation spectroscopy 
Cp* pentamethylcyclopentadienyl 
Cy Cyclohexyl 
C6D6 d6-benzene 
C6H5F Fluorobenzene 
DFT Density Functional Theory 
Dim Dimerization 
Dipp 2,6-diisopropylphenyl 
Dis Bis(trimethylsilyl) methyl 
Et Ethyl 
eV Electron volt 
Equiv. Equivalent 
FLP Frustrated Lewis Pair 
HBpin Pinacolborane 
HOMO Highest occupied molecular orbital 
HSQC Heteronuclear single-quantum correlation spectroscopy 
Hν Light 
iPr iso-propyl 
IR Infrared 
Kcal Kilocalorie 
LUMO Lowest unoccupied molecular orbital 
Me Methyl 
Me3NO Trimethylamine N-oxide 
MeOH Methanol 
Mes Mesityl 
Mes* Supermesityl 
MHz Megahertz 
Na(OCP) Sodium phosphaethylnolate 
nBuLi n-butyllitium 
NHC N-heterocyclic carbene 
NHGe N-heterocyclic germylene 
NHSi N-heterocyclic silylene 
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NICS Nucleus-independent Chemical shift 
NMR Nucleus Magnetic Resonance 
NOESY Nuclear Overhauser effect spectroscopy 
NR Neutralization-Reionization 
NTf2 Bis(trifluoromethylsulfonyl) imide 
Ph Phenyl 
Ppm Parts per million 
QTAIM Quantum Theory of Atoms in Molecules 
RT Room temperature 
SMe2 Dimethylsulfur 
tBu tert-butyl 
THF Tetrahydrofurane 
THT Tetrahydrotiophene 
TMP 2,2,6,6-tetramethylpiperidine 
TMS Trimethylsilyl 
TOF Turnover frequency 
TON Turnover number 
Tripp 2,4,6-triisopropylphenyl 
TS Transition state 
UV Ultra-violet 
WBI Wiberg bond indices 
Ν Wavenumber 
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The chemistry of stable singlet carbenes and their heavier analogues has enormously progressed 
during the past two decades. The improvement and development of different synthetic approaches 
have contributed to the synthesis of a large family of stable low-coordinate species with varied 
substitution patterns, allowing diverse electronic properties and stabilities. Thanks to this versatility, 
carbenes are now widely applied in the different fields ranging from organocatalysis to 
organometallic chemistry, thanks to their ability to strongly coordinate transition metals and to 
stabilize reactive main-group species. Recently, fundamental research has opened new avenues in 
the activation of thermodynamically stable σ-bonds, like dihydrogen, by carbenes with a small 
HOMO-LUMO gap. Although corresponding catalytically relevant systems are still rare, these 
discoveries represent a first step on the way to ultimately replace expensive transition metal 
complexes by easily accessible main-group based species. 
 
One of the major difference between main-group reactive species and transition metal complexes 
is the number of available coordination (reactive) sites. Contrary to the former derivatives usually 
presenting only one active site, transition metals show several coordinating sites which allows a 
catalytic process with successive reactions involving several molecules.  
 
 
During the course of this PhD, the main emphasis has been placed on the development of new 
main-group reactive species. We have been especially interested in the synthesis and reactivity of 
new stable germylenes, combining reactive functionalities in close proximity of the germanium 
centre. Following this strategy, we envisioned access to highly reactive motifs susceptible of multiple-
site activation of small molecules. 
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For long time, it was believed that thermodynamically stable small molecules, such as H2, NH3, 
ethylene, CO, or CO2, require a transition metal based catalyst to be activated. 
However, since the first important discoveries made by P. P. Power, G. Bertrand and D. Stephan in 
over last 15 years, stable main-group element species (heavier analogues of alkynes, stable singlet 
carbenes and frustrated Lewis pairs)[1–3] enabling the activation of such small molecules, the 
chemistry of main-group species with transition metal-like behaviour has become an important 
research domain and many important advances on this topic have been made since a decade. 
 
In this chapter we will show the results of a bibliographic survey on this topic and briefly present 
the recent developments of this chemistry, especially concerning the chemical behaviour of the 
main-group systems in small molecules activation. 
 
I. Multiple bonded species 
 
The lack of molecules displaying a transition metal-like behaviour is due to a general absence of 
main-group compounds that have open coordination sites and valence orbitals separated by modest 
energies (< 4 eV or 92 kcal/mol), which are characteristics of many transition metal species.[4] 
The π-bonds of heavier analogues of alkenes or alkynes are known to be particularly weak due to 
the bad orbital overlapping, leading to a small energy separation of the frontier orbitals, and 
therefore, these species are able to activate small molecules such as H2. 
 
 
Dihydrogen activation 
The first example of dihydrogen activation by a main group element molecular species in the 
absence of any metallic catalyst, has been reported by Power in 2005. The digermyne I is able to 
activate H2, under ambient conditions (room temperature, 1 atm), affording a mixture of 
hydrogenated products (scheme 1). 
 
 
Scheme 1. Activation of dihydrogen by a germyne 
 
DFT calculations reveal that the initial step of the reaction is a synergic interaction of the frontier 
orbitals of germyne I and H2. The process involves an interaction of the HOMO (σ-orbital) of H2 and 
the LUMO of the germyne (n+). At the same time, there is a synergic electron donation from the 
HOMO of the Ge species (πGeGe-orbital) into the σ*-orbital of H2. This weakens the H-H bond 
sufficiently to result in the oxidative addition (figure 1). In contrast to the H2 activation by transition 
metal complexes, which generally proceeds via homolytic cleavage of H2, since the back-donation 
(πGeGe → σHH*-orbital) does not occur symmetrically, the H2 is heterolytically cleaved and a hydride-
like hydrogen attacks the positively polarized Ge centre.[4] The high reactivity of I towards H2 is also 
thought to be due in part to the singlet diradical character of the digermyne 
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Figure 1. Similarity of H2 interactions with digermyne and transition metal compounds 
 
Germyne I reacts with H2 in three consecutive steps (scheme 2): i) addition of H2 to form the 
ArGe(μ-H)GeHAr intermediate, ii) isomerization to produce the 1,2-dihydrogermene derivative, and 
iii) addition of another molecule of H2, either to the germene site giving Ar-GeH2GeH2-Ar, either to 
the hydrido-germylene affording Ar-GeH3. 
 
 
Scheme 2. Proposed reaction sequence for the activation of H2 by germyne I 
 
Jones also reported the dihydrogen activation by alkyne analogues of germanium featuring amino 
substituents (II). Although, the molecule does not present Ge-Ge multiple bonding character due to 
the strong π-electron donation of the amino groups to the Ge-Ge fragment, the molecule readily 
reacts with H2, even at -10 ˚C in solution, to give the corresponding H2 adduct as a stable amino-
germyl-germylene (scheme 3). More interestingly, this reaction occurs even in the solid state at room 
temperature, affording the final product in 95 % yield.[5] Even though the reaction was predicted to 
be exothermic (ΔH = -16.6 kcal/mol, ΔG = -6.5 kcal/mol), the hydrogenation of the germylene centre 
does not take place, probably due to a significant kinetic barrier. 
 
 
Scheme 3. Activation of H2 by an inter-connected bis(germylene) 
 
The stable germyne III, with bulkier amino substituents, presents an enhanced Ge-Ge multiple 
bond character due to less efficient N → Ge π-interaction, as a result of the twisting of the amino 
groups relative to the molecular plane of the Ge-Ge fragment owing to steric hindrance. Despite the 
electronic differences between II and III, their HOMO-LUMO energy gap are similar (ΔE = 0.79 eV vs. 
0.72 eV for II). Therefore, germyne III can also activate H2 at room temperature to form a 1,2- 
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dihydrogermene which reversibly dissociates, in solution, into two equivalents of an amino-
hydrogenogermylene (scheme 4).[6] 
 
 
Scheme 4. Activation of H2 by the amino-substituted germyne III 
 
Distannynes IV also display similar reactivity towards H2. In this case, the reaction affords an 
original centrosymmetric bridged Sn(II) dimer rather than a 1,2-hydrogenostannene, probably via the 
isomerization of a transient dihydrogenostannyl-stannylene intermediate (scheme 5).[7] In contrast to 
diarylgermynes that react with two equivalents of H2, diarylstannynes react with only one equivalent 
of dihydrogen due to the larger singlet-triplet energy gap (ΔES-T = 17.8 and 18.7 kcal/mol for 
stannynes vs 15.9 and 17.4 kcal/mol for digermynes).[8] 
 
 
Scheme 5. Addition of H2 to different stannynes 
 
In the same vein, Power’s group reported the reaction of a digallene V, which reversibly 
dissociates in solution into aryl-Ga(I) species, with H2 under ambient conditions, to give selectively a 
centrosymmetric μ-bridged dimer of dihydrogallane formed by H → Ga interactions (scheme 6).[9] 
 
 
Scheme 6. Activation of H2 by digallene V 
 
DFT calculations showed that the reaction mechanism is similar to that of digermyne I. The 
addition of one equivalent of H2 to digallene V results in a 1,2-dihydride intermediate, which further 
reacts with another equivalent of dihydrogen, affording the cleavage of the Ga-Ga bond and the 
formation of the two Ar-GaH2 fragments that dimerize (scheme 7).[10] 
 
 
Figure 7. Proposed mechanism for the activation of H2 by an aryl-digallene 
Reactions with ethylene 
Many multiple bonded species directly react with alkenes and alkynes via a cyclization 
process.[11,12] However, these reactions are generally irreversible. 
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Power and co-workers reported that the distannyne VI reacts reversibly with two equivalents of 
ethylene at or below room temperature, via a formal [2+2] cyloaddition reaction, leading to the 
formation of a bis(ethylene) complex. Of particular interest, the molecule releases C2H4 at room 
temperature under vacuum, or at increased temperature, to give back the distannyne (scheme 8).[13] 
 
 
Scheme 8. Reversible binding of ethylene to a distannyne 
 
The C=C π-bond interacts with one of the group 14 element to form a three-membered SnC2 ring 
species in first instance. Then, the second equivalent of ethylene interacts similarly with the 
remaining stannylene centre, and a subsequent rearrangement gives the final product (scheme 9). 
The formation of the three-membered SnC2 ring species in the first step probably occurs via a 
synergic interaction between frontier orbitals. These interactions are parallel to that observed for the 
reaction of ethylene with some transition metal complexes (B in scheme 9).[14] 
 
 
Scheme 9. Proposed mechanism for the formation of the bis(ethylene)-distannyne complex and orbital 
interactions between ethylene and distannyne (A) or a transition metal complex (B) 
 
Ethylene molecules are easily released under mild conditions probably due to the weak Sn-C 
bonds in addition to the ring strain. Indeed, the related stable digermyne also reacts with two 
equivalents of ethylene to give the same type of bis(ethylene) adduct, but the reaction is 
irreversible.[15] 
 
 
Reactions with CO2 
The high reactivity of compound II described by Jones was also demonstrated by the reduction 
reaction of CO2 to carbon monoxide at low temperature, resulting in a bis(germylene) oxide (scheme 
10).[16] The reaction proceeds through a germa-carboxylate intermediate, which evolves above -40 ˚C 
by releasing CO, leading to the formation of the final product. The same oxide was obtained by 
reaction of bis(germylene) II with an excess of N2O. 
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Scheme 10. Reduction of CO2 with an inter-connected amino bis(germylene) 
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II. Single-site reactive molecules 
 
Carbenes are neutral species featuring a divalent carbon atom with only six electrons in his 
valence shell. They have been long considered only as brief intermediates. However, after the 
synthesis of the first stable examples in the 90’s,[17] their preparation has experimented an important 
increase in many different chemical fields. On the other hand, their heavier analogues R2M (M = Si, 
Ge, Sn, Pb) have been less studied, even if the number of examples of such species has strongly 
increased during the last decades.[18] 
Except for the carbenes presenting a triplet ground state, all other tetrylenes are singlet in the 
ground state and present a divalent atom featuring a lone pair of electrons and an empty p-orbital 
(figure 2). Going down in the group, from carbon to lead, the singlet-triplet energy gap increases, 
stabilizing the singlet state (table 1).[19] Thus, their stability increases as the principal quantum 
number (n) increases. 
 
 
Figure 2. The two possible configurations of metallylenes 
 
H2M: H2C: H2Si: H2Ge: H2Sn: H2Pb: 
ΔES-T (kcal/mol) -14.0 16.7 21.8 24.8 34.8 
Table 1. Singlet-triplet energy differences (ΔES-T) for H2M 
 
 
H2 and NH3 activation 
The substituents at the central atom influence the structure of metallylenes sterically (via kinetic 
protection and modulation of the central atom bond angle) and electronically (via mesomeric and 
inductive effects). The influence of amino groups is particularly important and their introduction into 
carbenes significantly modify the relative energy of the frontier orbitals (σ and pπ), increasing the 
singlet-triplet energy gap.[17] Indeed, Arduengo-type N-heterocyclic carbenes (NHCs) and acyclic 
di(amino)carbenes are considerably stable molecules and thus they are not able to activate small 
molecules, such as H2 or CO, due to the large singlet-triplet energy gap (the data are collected in 
table 2). 
 
 
 
Carbene 
 
 
 
 
 
 
 
ΔES-T (Kcal/mol) 68.1 51.1 46.2 33.2 
EHOMO (eV) -5.2 -5.1 -5.0 -5.0 
Table 2. Singlet-triplet energy gap (ΔES-T) for different types of carbenes 
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In contrast, cyclic amino alkyl carbenes (cAAC) (VII) and acyclic alkyl amino carbenes (VIII), 
presenting a smaller singlet-triplet energy gap and a high HOMO energy level (Table 2), are capable 
to cleave H2, and NH3 under mild conditions (scheme 11).[3] 
 
 
Scheme 11. Activation of H2 and NH3 by a cAAC (VII) and an acylic alkyl amino carbene (VIII) 
 
The initial step is similar in both reactions and proceeds via heterolytic cleavage of the E-H bond 
(E = H, NH2). The interaction of the HOMO of the carbene (σ-lone pair orbital) with the antibonding 
σ*-orbital of H2, or NH3, leads to the elongation of the E-H bond (1.07 Å vs. 0.77 Å in H2 gas and 1.50 
Å vs. 1.02 Å in NH3), polarizing the bond. The hydridic hydrogen atom or the NH2 moiety, in the 
transition state, eventualy attacks at the positively polarized carbene centre, resulting in the 
complete rupture of the E-H bond (figure 3).[3] cAACs and alkyl amino carbenes act as nucleophiles 
towards ammonia, in contrast to the electrophilic activation and proton transfer pathway favoured 
by transition metal complexes.[20] 
 
 
Figure 3. Model of activation of H2 and NH3 by a singlet carbene 
 
In addition to this nucleophilic carbenes, ammonia can also be activated by electrophilic carbenes. 
In this case, the reaction starts with the interaction between the ammonia lone pair and the vacant 
orbital of the carbene (figure 4). 
 
 
Figure 4. Activation of NH3 by an electrophilic main-group species 
 
A strategy used to increase the reactivity (electrophilicity) of NHCs, consists into decrease the π-
electron donating character of the substituents. Indeed, Bielawski’s group reported that the diamido-
carbene IX, with much less electron donating amido substituents, is able to activate the N-H bond of 
ammonia (scheme 12). 
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Scheme 12. Activation of NH3 by di(amido) carbenes 
 
Siemeling and co-workers applied the same methodology to synthesize a more electrophilic cyclic 
diamino carbene introducing a strong electron-withdrawing ferrocene as a backbone in the ring (X). 
It reacts with ammonia at low temperature, affording an amino-amidine product, as a consequence 
of the open-chain addition to the N-C bond (scheme 13).[21] 
 
 
Scheme 13. Reaction of carbene X with ammonia 
 
Acyclic metallylenes have been predicted computationally to present an enhanced reactivity 
compared to that of cyclic ones. Such systems, possessing a more obtuse X-E-X angle (E = Si, Ge, Sn), 
present a small HOMO-LUMO gap that makes the reaction pathway of splitting small molecules 
energetically favourable.[22] 
Indeed, Aldridge and Jones have reported the activation of dihydrogen by acyclic stable 
aminosilylenes with an electropositive σ-donating boryl or silyl substituent (XI and XII, respectively) 
at room temperature, to yield the corresponding silanes (scheme 14).[23,24] The mechanism of this 
activation is similar to that previously described for carbenes. 
 
 
Scheme 14. Activation of H2 by acyclic silylenes 
 
Aldridge and co-workers extended the study to acyclic germylenes. The aryl silylgermylene XIII is 
capable to activate H2 and ammonia, at room temperature, affording the corresponding germanes 
(scheme 15).[25] 
 
 
Scheme 15. Activation of H2 and ammonia by a silylgermylene 
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On the other hand, (amino)borylgermylene XIV, reacts only with H2 affording an unsymmetrical 
digermane (scheme 16). Nevertheless, the reaction mechanism has not been clearly established.[25] 
 
 
Scheme 16. H2 activation by the (amido)boryl germylene XIV 
 
Stable diarylgermylenes (XV) also activate H2 at 70 ˚C (scheme 17).[8] In case of the germylene 
with an excessively large aryl groups, the reaction affords a trihydrogermane. In fact, the resulting H2 
adduct of the germylene decomposes to generate, via an Ar-H elimination, a new aryl hydrogeno-
germylene, which reacts with another molecule of H2 to form Ar’GeH3. 
This acyclic diaryl-germylene is also capable to react with ammonia under mild conditions (bottom 
reaction in scheme 17). 
 
 
Scheme 17. Activation of H2 and NH3 by bulky diaryl-germylenes 
 
The stable diarylstannylene (XVI) also reacts with dihydrogen, under mild conditions, to furnish a 
centrosymmetric Sn(II) dimer Ar’Sn(μ-H)2SnAr’ and promoting Ar’-H elimination (scheme 18).[26] The 
high reactivity towards small molecules of Ar’2Sn in comparison with other stannylenes previously 
reported in the literature, can be rationalized by its increased triplet character in the ground state, 
induced by a wide C-Sn-C angle (117.6 ˚). Stannylene XVI also reacts with ammonia in a similar 
manner. 
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Scheme 18. H2 (right) and NH3 (left) activation by a diaryl-stannylene 
 
In 2009, Roesky reported the ability of N-heterocyclic tetrylenes (NHSi, NHGe) to activate N-H 
bonds. Depending on the nature of the central atom, the outcome of the reaction is different. In the 
case of silylene, the reaction with an excess of NH3 gas gives the 1,1-addition product, formally 
resulting from the oxidative addition at the silicon(II) centre (left reaction in scheme 19).[27] In 
contrast, with germylene, the reaction affords the 1,4-addition product, which is in fact a donor-
stabilized diamino-germylene (right reaction in scheme 19).[28] 
The high reactivity of these N-heterocyclic tetrylenes towards ammonia can be explain by their 
amphiphilic character. Indeed, tetrylenes XVII exhibit a polarized electron-rich butadiene moiety in 
the backbone induced by their aromatic character (canonical structure XVII’), thus they feature two 
reactive sites: the amphiphilic metallylene centre (one lone pair and an empty p-orbital), as well as 
the butadiene moiety. 
 
 
Scheme 19. Activation of NH3 by N-heterocyclic tetrylenes 
 
To explain the reactivity differences between silicon and germanium, Sicilia and co-workers 
computationally examined the reaction between NHSi and one equivalent of ammonia. They found 
out that the formation of the 1,4-addition product is kinetically favoured (26.6 kcal/mol vs. 48.7 
kcal/mol for the 1,1-addition product). However, in the case of an excess of ammonia, the presence 
of an additional NH3 molecule, which acts as a proton shuttle, significantly lowers the 1,1-addition 
energy barrier (15.3 kcal/mol), favouring the formation of the 1,1-addition product.[29] 
The same type of ligand system can be applied to gallium(III) species. Indeed, the six-membered 
N-heterocyclic gallium species XVIII is capable to behave as a frustrated Lewis pair (FLP) and reacts 
with dihydrogen and ammonia, leading to the formation of a 1,4-addition derivative (scheme 20).[30] 
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Scheme 20. Activation of dihydrogen and ammonia by an activated GaIII compound 
 
 
Ethylene activation 
[2+1] cycloaddition processes are typical reactions of metallylenes. Only a few main-group 
divalent species, presenting a small energy splitting of the frontier orbitals, are able to react with 
poorly reactive olefins, such as ethylene. Furthermore, the reversible cycloaddition / 
retrocycloaddition process, under mild conditions, is even more scarce for main-group element 
derivatives although reversible coordination and dissociation of olefins is a common reaction for 
transition metal complexes.[31] 
In 2011, our group reported a reaction of ethylene with phosphine-stabilized silylenes XIX, 
affording the corresponding three-membered cyclic ethylene adducts with a pentacoordinate silicon 
atom (siliranes) (scheme 21).[32] This reaction is an equilibrium at room temperature, and the stability 
of the product strongly depends on the nucleophilic character of the phosphine ligand. Indeed, 
irreversible binding of ethylene was observed for the silylene with a less nucleophilic PPh2 ligand. 
 
Scheme 21. Reversible reactions of phosphine-stabilized silylenes with ethylene 
 
More recently, Power and co-workers also described a reversible binding of ethylene to a stable 
donor-free silylene XX substituted by two extremely bulky arylsulfide groups under ambient 
conditions (scheme 22).[33] 
 
 
Scheme 22. Reversible complexation of ethylene by diaryl silylenes 
 
Our group also reported the reversible reaction of the trimethylstannyl-substituted silylene XXI 
via ethylene insertion into a Si(II)-tin bond at room temperature (scheme 23).[34] DFT calculations 
indicate that the reaction proceeds in two steps: a [2+1] cycloaddition of ethylene, followed by a 
migratory insertion of the olefin into the Si-Sn bond. Each step of the reaction is thermoneutral and  
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proceeds with relatively small energy barrier, which explains the reversibility of the process under 
mild conditions. 
 
 
Scheme 23. Reversible ethylene insertion into a SiII-Sn bond 
 
In the case of germylenes, no examples of cycloaddition reactions with ethylene have been 
reported in the literature. This is probably due to the unstability of the corresponding 
germacyclopropane, which either reverts thermally to the precursors, or reacts with a second 
molecule of ethylene to yield a five-membered cyclic compound (figure 5).[35,36] 
 
 
Figure 5. Reactivity of transient germacyclopropanes 
 
Nevertheless, Jones and co-workers recently reported that their highly reactive mono-amino 
hydrogeno tetrylene species (E = Ge, Sn) react with alkenes and alkynes, via an alkene or alkyne 
insertion into E-H bonds, to afford the corresponding alkyl- or vinyl- substituted mono-amino 
tetrylenes (scheme 24).[37] Interestingly, in the case of hydrogermylations with disubstituted alkenes, 
such as cyclohexene, the reactions were reversible under ambient conditions. 
 
 
Scheme 24. Hydrometallation of alkenes and alkynes by mono-amino hydrogeno tetrylenes 
 
 
CO2 activation 
DFT calculations have shown that CO2 could behave as a mono-oxygen donor (oxidant) towards 
silylenes.[38] Indeed, in 1996, Jutzi’s group reported the reaction of a hypercoordinate nucleophilic 
silylene XXII (the Cp* groups are bonded in η5-manner) with CO2 under mild conditions. Surprisingly, 
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the type of resulting product strongly depends on the solvent used. In toluene, a spiro-heterocyclic 
compound was obtained (right in scheme 25), whereas in pyridine an eight-membered cycle was 
formed (left in scheme 25).[39] 
 
Scheme 25. Reactivity of decamethylsilicocene XXII with CO2 
 
The reaction probably starts with oxygen transfer from CO2 to the silylene, leading to the 
formation of a silanone intermediate. This highly reactive transient silanone reacts with CO2 to 
generate an intermediate cyclic carbonate. In pyridine, the dimerization of this second intermediate 
to give the eight-membered heterocycle is favoured, whereas in toluene, the silanone reacts with the 
carbonate intermediate to give the spiro-cyclic product (figure 6). 
 
 
Figure 6. Proposed mechanism for the reactivity of silylene XXII with CO2 
 
The same type of reaction was observed for the cyclic-alkylsilylene XXIII of Kira (scheme 26).[40] 
While in the case of the donor-stabilized silylene XXIV, the oxygen-transfer from CO2 to the silylene 
affords the corresponding donor-stabilized silanone derivative. The same product can be obtained by 
oxygenation reaction with N2O (bottom reaction in scheme 26).[41] 
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Scheme 26. Reactions of cyclic-silylenes with CO2 
 
An original oxidation reaction of silylene with CO2 was also observed for the phosphine-stabilized 
silylene XXV. In this case, the resulting silanone is not stable and it isomerizes (probably via attack of 
the silanone to the phosphorus atom to generate the intermediate XXV’ with a pentacoordinate 
phosphorus, followed by its isomerization by a ligand coupling reaction), to give a tricyclic-phosphine 
(scheme 27).[32] The 1,2-bis-silylene derivative XXVI (bottom reaction in scheme 27) reacts with four 
equivalent of CO2 affording an amino silicate.[32] The formation of the product can be explained by 
the oxidation of the bis-silylene XXVI by three equivalents of CO2 to generate a highly strained and 
reactive small tricyclic-silicate, which readily reacts with carbon dioxide to form the final product. 
 
Scheme 27. Reaction between phosphine-stabilized silylenes (XXV and XXVI) and CO2 
 
Of particular interest, donor-stabilized germylene-hydrides XXVII react with CO2 in a different 
manner. Indeed, the reaction proceeds through the carbonyl insertion into the Ge(II)-H bond at room 
temperature, resulting in a new germanium(II) ester of formic acid in quantitative yield (scheme 
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28).[42,43] Reactions of metal hydrides with carbon dioxide to generate the metal formate are quite 
known for transition metal hydrides and alkali-metal hydrides as an important transformation in 
organic synthesis.[44,45] Further hydrolysis of the resulting product using hydride sources (LiNH2.BH3, 
NH3.BH3 or AlH3.NMe2) allows the generation of formic acid and methanol. 
 
 
Scheme 28. Reaction of germylene-hydrides with CO2 
 
DFT calculations have predicted that related hydrogermylations of activate ketones, such as 2,2,2-
trifluoro acetophenone, catalysed by germylene XXVII should be thermodynamically and kinetically 
viable.[46] however, even though the stoichiometric reaction can proceed slowly, the catalytic process 
cannot be carried out (scheme 29).[47] 
 
 
Scheme 29. Stoichiometric reaction of the germylene-hydride XXVII and 2,2,2-trifluoro acetophenone 
 
Inspired by the previous computational investigations, Jones and co-workers reported that the 
mono-amino hydrogeno-metallylenes (E = Ge, Sn) are capable to catalyse the hydroboration of 
aldehydes and ketones with HBpin (scheme 30).[48] As the stannylene slowly decomposes in solution 
at room temperature, a tin(II) pre-catalyst (LSn-OtBu) has been used. 
 
 
Scheme 30. Hydroboration of aldehydes and ketones by metallylene-hydride complexes 
 
The hydroboration reactions are more efficient than previously reported transition metal-
catalysed hydroborations using HBpin.[49,50] In the proposed mechanism, the reaction starts by the 
carbonyl insertion into the E-H bond (proceeding via a four-membered cyclic transition state). The 
two-coordinate alkoxy metallylene intermediate undergoes a σ-bond metathesis reaction with HBpin 
to generate the borate ester and the active catalyst (figure 7). 
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Figure 7. Proposed mechanism of hydroboration of carbonyl compounds 
 
The reactions with tin are faster than the germanium counterparts due to the stronger Lewis 
acidic character of stannylenes, as well as the more polar Sn-O bond in the hydrostannylated 
intermediates. 
 
The reaction of carbon dioxide with phosphines (R3PIII) is extremely rare.[51,52] The 1,3,2-
diazaphospholene XXVIII, which exhibits unique inversed polarity of the Pδ+-Hδ- bond due to its 
partial aromatic character, reacts with CO2 under mild conditions, via its insertion into the P-H bond, 
to form a phosphorus formate (scheme 31).[53] 
 
 
Scheme 31. Reaction of the 1,3,2-diazaphospholene with CO2 
 
Diazaphospholene XXVIII is also able to catalyse the hydroboration of aldehydes and ketones 
using HBpin (scheme 32).[54] The mechanism of the reaction is the same as that previously described 
for metallylenes. In this case, it is necessary to increase the catalyst loading, as well as to heat at 90 
˚C to achieve the hydroboration of ketones. 
 
Scheme 32. Hydroboration of aldehydes (left) and ketones (right) by the 1,3,2-diazaphospholene 
 
 
CO activation 
Carbon monoxide is frequently used in the industry as carbon feedstock source in the Fisher-
Tropsch process for the production of liquid hydrocarbons. In this process, heterogeneous transition 
metal catalysts mediate the reductive coupling of CO, leading to the formation of C-C bonds. 
However, investigations of the reactions of CO with low valent p-block compounds are much limited, 
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due to the high energy of the CO triple bond (ΔH = 256.1 kcal/mol).[55] In fact, very few main-group 
species react with CO. 
Bertrand and co-workers reported in 2006 the first example of CO fixation with the stable cyclic 
and acyclic alkyl amino carbenes featuring a small HOMO-LUMO gap and a strong nucleophilic 
character, leading to the formation of ketenes (scheme 33).[56] It should be noted that classical NHCs, 
presenting much larger singlet-triplet energy gap, do not show any observable reactivity towards CO. 
 
Scheme 33. Reactions of cAAC (VII) and acyclic alkyl amino carbene (VIII) with CO 
 
Bielawski’s di(amido) carbenes (IX) also react with CO at room temperature. Of particular interest, 
the reaction is reversible at room temperature (scheme 34).[57] 
 
 
Scheme 34. Reversible fixation of CO by di(amido) carbenes 
 
The ferrocenophane-NHC X slowly reacts with CO to afford, after 3 days, a diaminoketene, which 
successively reacts with another equivalent of carbene, leading to the formation of a stable 
zwitterionic oxyallic compound (scheme 35).[21] 
 
Scheme 
35. Reaction of [3]ferrocenophane-type NHC with CO 
 
The same behaviour was observed using a stable anti-Bredt N-heterocyclic carbene XXIX (scheme 
36).[58] This particular NHC is more electrophilic than classical N-heterocyclic carbenes due to the 
strained bridge-head position of one of the nitrogen atoms, allowing the reaction with CO at low 
temperature. 
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Scheme 36. Reaction of an anti-Bredt NHC with CO 
 
Silylenes react with CO, affording silaketenes, which are stable only at low temperature and 
dissociate CO upon warming.[59–62] In contrast, the stable diarylgermylene XXX irreversibly reacts with 
two molecules of carbon monoxide at room temperature, leading to the formation of a α-germyloxy 
ketone (scheme 37).[63] 
 
 
Scheme 37. Reaction of a diarylgermylene with CO 
 
The reaction probably starts with the coordination of CO to the vacant orbital of the germylene to 
afford a germaketene (A in figure 8). This unstable species may then rearrange into an acyl-
germylene (B), which successively reacts with another equivalent of CO via a similar reaction 
sequence, to give a benzyl-substituted germylene (C). This intermediate isomerizes into the 
corresponding carbene (D), which undergoes an intermolecular carbene insertion into the C-C σ-
bond of the aryl substituent to yield the final product. 
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Figure 8. Mechanism of the reaction of diaryl-germylene XXIX with CO 
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III. Frustrated Lewis Pairs 
 
In 1923, Lewis classified molecules that behave as electron-pair donors as bases and conversely 
electron-pair acceptor systems as acids. Lewis acids are characterized by a low-energy LUMO, which 
can interact with the lone pair of electrons presents in the highest occupied molecular orbital 
(HOMO) of a Lewis base (figure 9).[64] 
 
 
Figure 9. Typical formation of a Lewis acid (BH3) /base adduct 
 
In 2006, Stephan and co-workers developed systems, generally called “Frustrated Lewis pairs” 
(FLPs), constituted by a pair of sterically demanding Lewis base (phosphine) and a Lewis acid 
(borane), which are incapable to form a stable donor-acceptor adduct due to the high steric 
congestion, or because of geometric considerations.[65] As a consequence, they present a unique 
reactivity, being able to activate small molecules, such as H2 at room temperature (scheme 38).[66] 
 
 
Scheme 38. Activation of H2 by a classical FLP system 
 
The activation of H2 by FLPs was proposed to start with an interaction between H2 and pre-
organized acid / base combinations through the synergic electron donation processes.[67] In other 
words, synchronous electron donation of the Lewis base to H2 [HOMOLB (nLB) → LUMOH2 (σ*H2)] and 
electron acceptation of the Lewis acid from H2 [HOMOH2 (σH2) → LUMOLA], which enables to 
heterolytically cleave H2 to form an ionic pair, [BaseH]+[AcidH]- (scheme 36). Recently, DFT 
calculations have shown that this pathway proceeds via a bent-transition state,[67] where the H2 
molecule is orientated side-on relative to the acceptor unit, rather than a linear transition state 
(figure 10). This facilitates the orbital overlapping between H2 and the Lewis acid. 
 
 
Figure 10. Electron transfer model (ET) used to explain the H2 activation by FLP systems 
 
Since the first example of dihydrogen activation by FLP was reported, the chemistry of frustrated 
Lewis pair has experimented a rapid and enormous development and many different combinations 
of Lewis bases (phosphines, amines, carbenes,…) and Lewis acids (boranes, boreniums, 
carbocations,…) have been described in the literature. 
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Phosphines / B(C6F5)3 systems. 
The most important discovery of frustrated Lewis pair has been described in 2006 by Stephan’s 
group. The phosphino-borane XXXI is able to activate H2 at room temperature, leading to the 
formation of a phosphonium borate. At 150 ˚C, this species eliminates H2, regenerating XXXI (scheme 
39).[2] 
 
 
Scheme 39. Reversible metal-free H2 activation 
 
Erker’s group developed an intermolecular frustrated Lewis pair based on a bisphosphino 
naphthalene XXXII, which in combination with B(C6F5)3, is also able to heterolytically activate 
dihydrogen under mild conditions (scheme 40).[68] The zwitterion liberates H2 at 60 ˚C, providing the 
second reported system capable of metal-free reversible dihydrogen activation. 
 
 
Scheme 40. Reversible H2 activation by a bisphosphino naphthalene and B(C6F5)3 
 
The particular geometry provided by the naphthalene prevents the formation of the P-B adduct 
and the strong basic character of the diphosphine, allows the H2 activation under mild conditions. 
When the same reaction is carried out with Ph3P as Lewis base, a stable P-B adduct is formed in 
solution, reducing the reactivity of the FLP. 
The ferrocene backbone has been used as a very useful framework for ligand design and synthesis 
in, for example, hydrogenation catalysis.[69] For this reason, Erker and co-workers decided to explore 
the use of ferrocene as a sterically demanding substituent on phosphorus. The mixture of phosphino-
ferrocene derivative XXXIII and B(C6F5)3 heterolytically cleaves the H-H bond of dihydrogen to give 
the corresponding phosphonium hydridoborate derivative as an intermediate (scheme 41).[70] 
 
 
Scheme 41. Activation of H2 by a frustrated Lewis pair derived from phosphinoferrocene / B(C6F5)3 
 
In this particular case, the phosphonio-fragment is a good leaving group, making the system 
kinetically labile. Cleavage of the Mes2PH moiety, probably assisted by the iron group, followed by 
nucleophilic hydride transfer from the counter-anion, leads to the formation of the final product. 
The H2 activation FLP system XXXI was successfully applied in catalytic hydrogenation reactions by 
Stephan’s group (scheme 42).[71] In this case, they used the H2 adduct XXXI as a stable pre-catalyst.
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Scheme 42. Metal-free catalytic hydrogenation of imines 
 
The process is initiated by the imine protonation by the acidic phosphonium centre to give an 
iminium salt, followed by the hydride transfer from the borohydride anion, affording the amine as 
final product. Dissociation of the amine from the boron atom regenerates the Lewis pair (phosphine-
borane), which allows to continue the catalytic cycle (figure 11).[72] 
 
 
Figure 11. Proposed mechanism for catalytic hydrogenation of imines 
 
Different FLP systems also catalyse the hydrogenation of other substrates, such as enamines[73] or 
silyl enol ethers.[74] However, the catalytic hydrogenation reaction of carbonyl functions has yet to be 
reported. The oxophilicity of boron results in the irreversible formation of a strong B-O bond which 
prevents the catalytic turnover (scheme 43).[71] 
 
 
Scheme 43. Stoichiometric reaction of FLP with benzaldehyde 
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A. Reactions of phosphines / B(C6F5)3 systems with other molecules. 
Frustrated Lewis pairs can also cleave a C-O bond of THF to form the corresponding zwitterionic 
ring-opening product (scheme 44).[75] 
 
 
Scheme 44. Reactivity of frustrated Lewis pairs with THF 
 
FLPs also react with various types of unsaturated molecules, such as N2O or alkenes, to form the 
corresponding donor-acceptor adducts under mild conditions (scheme 45).[75,76] 
 
Scheme 45. Reactivity of a frustrated phosphine / borane pair with N2O and alkenes 
 
Theoretical studies carried out by Pápai and co-workers suggest that the reaction with olefins 
takes place in a single step via concerted phosphine-olefin and borane-olefin interactions. The C=C π-
bond of the unsaturated molecule interacts simultaneously, in the transition state, with the two 
active centres of the frustrated Lewis pair in an antarafacial manner (figure 12).[77,78] 
 
 
Figure 12. Concerted addition of a frustrated Lewis pair and ethylene and structure of the located TS (the 
bond distances are given in Å) 
 
 A.1 Reaction with CO2 
The fundamental difficulty to either sequestrate or chemically modify carbon dioxide comes from 
its remarkable thermodynamic stability. However, although the addition of CO2 to the tBu3P / B(C6F5)3 
pair is remarkably exothermic (ΔG= -35 kcal/mol),[79] Stephan and co-workers described that the CO2 
adducts (inter- and intramolecular systems) easily release carbon dioxide under mild conditions 
(scheme 46).[79] 
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Scheme 46. Reversible CO2 uptake and release by FLPs 
 
In the van der Waals complex formed after the reaction, the CO2 molecule is located between the 
P and B atoms. However, the P-C (1.900 Å) and P-B (1.550 Å) bond distances are longer than classical 
single P-C bonds (1.872 Å),[80] and longer than the B-O bond lengths (1.514 Å) of acetatoborate 
species,[81] allowing to write an interaction between phosphorus lone pair and the carbonyl carbon 
atom, as well as an interaction between oxygen lone pair and the boron atom (second resonance 
structure in scheme 47). Moreover, DFT calculations have shown that the reverse reaction has an 
energy barrier of approximately 18.2 kcal/mol, which is consistent with the experimental 
observations. 
 
 
Scheme 47. Resonance structures of the FLP-CO2 adduct, and DFT-calculated structure of the transition 
state. Bond lengths an interatomic distances are given in Å 
 
 
Other combinations of frustrated Lewis pairs 
A. Variations of the Lewis base 
 A.1. Amines 
The main advantage to use amines as Lewis bases in FLP chemistry is their enhanced stability 
towards moisture and oxygen compared to phosphines. The formation of lutidine / B(C6F5)3 Lewis 
adduct is reversible in solution at room temperature. The addition of H2 to this mixture at low 
temperature leads to the H-H bond cleavage to give an ammonium hydridoborate salt (scheme 
48).[82] 
 
Scheme 48. Activation of H2 by the lutidine-borane FLP 
 
Bulky secondary amines (XXXIV, XXXV), in the presence of B(C6F5)3, are also able to activate H2 to 
form ammonium borate salts (scheme 49).[83] In both cases, the reaction only needs one hour to be 
completed.
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Scheme 49. Activation of H2 by secondary amines and B(C6F5)3 
 
 A.2. Carbenes 
Strongly σ-donating N-heterocyclic carbenes (NHCs) have increasingly become ubiquitous in 
catalysis. Tamm’s groups showed that the use of such strongly nucleophilic NHCs considerably 
increase the reactivity of the FLP system. Indeed, the H2 activation reaction by a mixture of NHC and 
B(C6F5)3 proceeds even at low temperature, resulting in a clean formation of the corresponding salt in 
97 % isolated yield (scheme 50).[84] 
 
 
Scheme 50. Activation of H2 by the carbene / borane system 
 
The resulting imidazolium salt reacts further with aryl amines to form imidazolium amidoborates 
(reaction A in scheme 51). However, in the case of alkylamines, the products obtained are C6F5-H and 
the amidoborane (reaction B in scheme 51).[85] Indeed, the conversion of alkylamines into 
amidoboranes proceeds under catalytic amounts of NHC. 
 
 
Scheme 51. Reactions of NHC / B(C6F5)3 with aryl- (A) and alkylamines (B) 
 
B.  Variations of the Lewis acid 
While various Lewis bases have been employed in FLP chemistry, the Lewis acid is generally the 
strongly Lewis acidic B(C6F5)3.[86] The use of less Lewis acidic BPh3 (B) considerably slow down the 
reaction and gives much lower yields (scheme 52).[66] 
 
 
Scheme 52. Influence of the Lewis acid 
 
Despites the significant recent advances in FLP chemistry, the range of suitable Lewis acids 
remains limited. In addition to the strong Lewis acidity, the steric protection required to prevent the 
coordination of Lewis bases is also of particular importance as the coordination of bases easily 
quenches the FLP activity. It is for the same reason that the hydrogenation of carbonyl functions was 
not achieved in a catalytic way. 
This strong restriction leads to the lack of structural variation of Lewis acids for FLPs, which 
prevents further applications in other catalytic reactions, especially for the asymmetric synthesis. For 
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these reasons, since several years, the research effort to find different types of strong Lewis acids has 
increased. 
 
 B.1 Alanes 
Al(C6F5)3 is known to be a stronger Lewis acid than B(C6F5)3. The strong Lewis acid character of 
Al(C6F5)3 is demonstrated by the formation of a stable complex with toluene in solution, as well as its 
high catalytic activity in the styrene polymerization.[87] Taking this into account, Stephan and co-
workers applied the phosphine-alane system for the hydrogenation of various unactivated olefins, 
such as ethylene, which cannot be achieved with classical P / B systems. 
The active species, generated after activation of H2 by the mixture of a phosphine and two 
equivalents of Al(C6F5)3, reacts with ethylene via hydroalumination of the alkene at 60 ˚C in 2 hours, 
to give a phosphonium aluminate salt (scheme 53).[88] The reaction is probably promoted by the 
activation of the olefin by π-interactions of the second equivalent of Al(C6F5)3. 
 
Scheme 53. H2 and alkene activation by the phosphine / alane system 
 
Bulky phosphine combined with trihalogeno aluminum derivatives (two equivalents) form 
complexes with CO2 thanks to the high oxophilicity of aluminium (scheme 54).[89,90] In the case of 
triiodoaluminum (AlI3), the subsequent reaction with another equivalent of CO2 leads to its reduction 
to CO.[91] 
 
Scheme 54. Reaction of phosphine-alanes with CO2 
 
 B.2. Boreniums 
The complexes of borenium cations with a donating ligand (L → BR2+), are much stronger Lewis 
acids than typical neutral boranes due to the increased net positive charge at the boron centre.[92] Of 
particular interest, even borenium cations without strongly electron-withdrawing substituents are 
Lewis acidic enough to use them in the FLP chemistry, which potentially leads to the increased 
possible structural variations. Indeed, Stephan and co-workers reported the heterolytic H2 activation, 
at room temperature, by a NHC-stabilized borenium with “alkyl-substituents” (XXXVI) and a bulky 
base (scheme 55).[93] 
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Scheme 55. Activation of H2 by a NHC-stabilized borenium and tBu3P 
 
Bourissou and co-workers synthetized a phosphorus-coordinated borenium XXXVII capable of H2 
activation without any external base at 80 ˚C (scheme 56). The reaction starts by the coordination of 
H2 to the boron atom, followed by transfer of one H atom to the Cipso of the mesityl ring, releasing 
MesH. The coordination of the NTf2¯ counter-anion to the boron centre gives the final product. 
 
Scheme 56. Activation of H2 by a phosphine-coordinated borenium cation 
 
 B.3. Silylium ions 
Silylium ions, R3Si+, are isolobal with boranes and present an extremely strong Lewis acidity. 
Müller and co-workers successfully demonstrated that a combination of triarylsilylium ion and a 
bulky phosphine can be used as a frustrated Lewis pair to activate H2 (scheme 57).[94] The reaction is 
quantitative and complete after 30 minutes at room temperature. 
 
 
Scheme 57. Activation of H2 by a silylium ion / phosphine Lewis pair 
 
 B.4. Phosphorus  
Stephan’s group has reported the use of phosphonium derivatives as Lewis acids in FLP chemistry. 
They described the synthesis of an amidophosphorane XXXVIII which incorporates Lewis basic and 
acidic pnictogen functionalities within an intramolecular system. Exposure of XXXVIII to 1 atm of CO2 
at room temperature results in the instantaneous insertion of the CO2 molecule into the activated P-
N bond (scheme 58).[95] 
 
 
Scheme 58. CO2 sequestration by the amidophosphorane XXXVIII 
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 B.5. Allenes 
Attempts to use trityl cation [CPh3]+, as a carbon-based Lewis acid were not successful owing to 
the easy nucleophilic aromatic substitution of the triphenyl cation in the p-position of phenyl 
groups.[96] 
Recently, Alcarazo and co-workers have reported the use of strongly electrophilic allene as Lewis 
acid. Its combination with a bulky N-heterocyclic carbene gives a FLP system which is able to cleave 
the weak S-S bond of some disulfides (scheme 59).[97] 
 
 
Scheme 59. Heterolytic S-S bond cleavage by a carbogenic FLP 
 
Nevertheless, this system is not applicable for H2 activation. The introduction of electron-
withdrawing groups on the fluorene skeleton may increases the Lewis acidity of the allene. 
 
 
Intramolecular P-B Lewis pairs 
The activation of small molecules by frustrated Lewis pairs requires assemblage of three 
molecules: Lewis acid, small molecule and Lewis base. In contrast, in the case of systems where both 
bulky Lewis acid and base are integrated in the same molecule, the reaction involves only two 
molecules, which is advantageous from thermodynamic and kinetic points of view. 
Indeed, the H2 activation is faster than in the case of intermolecular systems. For example, the FLP 
XXXIX, constituted by a phosphine and borane moieties connected by a flexible ethylene bridge, 
activates H2 under mild conditions. In contrast, in the case of a similar phosphine - borane connected 
by a rigid alkenylene bridge, the Lewis base and acid are in trans-position in the molecule and cannot 
interact with the small molecule. As a consequence, the reaction proceeds similarly than classical FLP 
system which requires the interaction of three components, making necessary to increase the 
dihydrogen pressure to 60 bars to achieve the H2 activation (scheme 60).[73,98] 
 
Scheme 60. Activation of H2 by an ethylene and an alkenylene-linked phosphine-borane systems 
Chapter I. Bibliography Introduction 
53 
 
The increased reactivity of the ethylene-bridged FLP XXXVIII has been also observed in the 
catalytic hydrogenation of imines. In this case, the reaction proceeds even at room temperature 
(figure 14),[73] contrary to the intermolecular systems requiring higher thermal activation for the 
same reaction (see scheme 42). 
 
Figure 14. Catalytic hydrogenation of imines by an intramolecular FLP 
 
In a similar way, Repo and Rieger reported a linked amine-borane system XL derived from 2,2,6,6-
tetramethylpiperidine (scheme 61).[99,100] Compound XL is able to activate H2 in a reversible manner, 
allowing its use also as catalyst in hydrogenation reactions of imines and enamines. 
 
 
Scheme 61. Activation of H2 by a linked amine-borane 
 
Another important bridged FLP system presenting an amine and a borane connected by a bridge 
is compound XLI. In this case, the enhanced ring strain, due to the rigid phenylene framework, 
prevents the intramolecular donor-acceptor interaction, which increases the reactivity of the FLP. 
This was clearly demonstrated by the fact that the phenylene bridged frustrated Lewis pair of TMP 
and a small Lewis acid BH2 unit, remains highly reactive and reversibly activates H2 even at room 
temperature (scheme 62).[101] Although the equilibrium is displaced towards the starting materials, it 
can be displaced to the formation of the product at higher H2 pressures or lower temperatures.[102] 
 
 
Scheme 62. Reversible H2 activation by an ansa-amino borane 
 
NH2-BH2 is the smallest intramolecular amido-borane based FLP system, which is able to activate 
H2, however the activation process is irreversible. DFT calculations have shown that the reversibility 
of the process could be achieved by combination of electron-donating and electron-withdrawing 
groups on N and B, respectively.[103] Stephan and co-workers reported the combination of bulky-
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electron rich P with electron-poor B atoms directly connected to each other (XLII), is also capable to 
activate H2 at 60 ˚C (scheme 63).[104] The polarity of the P-B bond towards the phosphorus atom 
prompts the activation of H2. Nevertheless, here again, the overall reaction is exothermic (ΔG = -43 
kcal/mol), preventing the reversibility of the process. 
 
 
Scheme 63. Activation of H2 by a phosphido-borane 
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IV. Conclusions 
 
In this chapter, we have briefly presented the three different non-metallic main-group species 
(heavier analogues of alkenes and alkynes, low-valent species and frustrated Lewis pairs) and their 
reactivity towards thermodynamically stable small molecules (H2, NH3, ethylene, CO2, CO, etc.). This 
species featuring small HOMO-LUMO energy gap and appropriate symmetry of molecular orbitals, 
enable to cleave the small molecules, although it has been long thought that such activations require 
transition metal complexes to be achieved. 
Despite the recent advances in the field, main-group element-based systems have been rarely 
applied in catalysis and the variation of catalytic reactions is still strongly limited. This is probably 
due, in part, to the formation of very strong bonds, which leads to the formation of a coordinatively 
saturated and stable species after the activation of "one" small molecule. In contrast, transition 
metal complexes generally present several coordination sites, which allows to activate several 
molecules to achieve successive reactions, which is essential for many catalytic reactions. 
 
With these considerations in mind, we decided to focus on the design of highly reactive 
germanium-based species with the ultimate objective to access catalytically relevant motifs, which 
can potentially behave “more” similarly to transition metal complexes. In the following chapters, we 
will discuss the results obtained throughout the PhD research and their interpretations. 
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I. Introduction 
 
Homonuclear heavier analogues of alkynes. 
An important part of the wealth of carbon chemistry is the ability to form multiple bonds. 
However, although alkenes and alkynes are well known for a long time, the first heavier analogues of 
group 14 have only been recently isolated (table 1).[1–4] The replacement of carbon by a heavier 
element (E = Si, Ge, Sn, Pb), leads to very reactive species which are necessary to be protected using, 
for instance, bulky ligands such as silyl- or aryl-substituents.[5–8] Moreover, heavier is the group 14 
element, longer is the distance between each atom, decreasing the multiple bond order (table 1). 
 
R-EΞE-R Author (Year) E-E distance (Å) E-E-R angle (˚) 
 
 
A. Sekiguchi (2004) 
 
2.062 
 
137.4 
 
 
M. Stender/ 
P. P. Power (2002) 
 
2.285 
 
128.7 
 
 
A. D. Phillips/ 
P. P. Power (2002) 
 
2.668 
 
125.1 
 
 
L. Pu / 
P. P. Power (2000) 
 
3.188 
 
94.3 
Table 1. Structural data for the heavier alkyne analogues. R = Si[iPr(CH(SiMe3)2)2], Ar = 2,6(Dipp)-C6H3, Ar’ 
=2,6(Tripp)-C6H3. 
 
The heavier analogues of alkynes present a trans-bent geometry. To explain this particular 
geometry, a combination model of two MR fragments has been suggested.[9] In the case of carbon, 
the C-R fragment is sp hybridized and presents a quadruplet configuration, giving a linear triple bond. 
Going down in the group, the size of the element of the group 14 increases and the hybridization 
between the orbitals is less efficient, making the singlet state more stable. In these cases, the direct 
approach of two fragments to generate the triple bond is impossible, and it is necessary to “rotate” 
them, leading to a multiple bond with a π-bond and two donor/acceptor interactions (figure 1). 
 
Figure 1. Interaction between two MR fragments 
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Heteronuclear heavier analogues of alkynes. 
Despite of all the homonuclear heavier analogues of alkynes R-MΞM-R have been isolated during 
the last decade, only one example of heteronuclear alkyne, a donor-stabilized silyne with a silicon-
carbon triple bond developed by our group, has been described so far. The biggest obstacle for its 
synthesis is the energetically favoured isomerization (figure 2). Indeed, DFT calculations on silynes 
show that in most cases (R = H, Me, SiH3, OH), the most stable isomer is the vinylidene structure (I), 
where the two substituents are on the carbon atom. In contrast, introduction of fluorine substituent 
(R =F) on the silicon centre inverses the relative stability. In this case the silyne isomer (II) is more 
stable than the vinylidene structure, probably due to the much stronger Si-F bond than C-F bond.[10] 
 
 
Figure 2. The two possible isomers of R-EC-H 
 
Another way to favour the hetero-alkyne structure and reverse the order of stability of the two 
isomers, is to use bulky substituents. Indeed, the steric hindrance would make the presence of two 
bulky groups on the same carbon atom unfavourable (figure 3). 
 
 
Figure 3. Influence of bulky substituents 
 
Actually, DFT calculations performed by Su’s group shown that with substituents such as Tbt 
(2,4,6-tris[bis(trimethylsilyl)methyl]phenyl) and SiiPr[CH(SiMe3)2]2, the hetero-alkyne (II) is the most 
stable isomer (E = Ge, Sn) by 76.25 and 35.39 kcal/mol respectively.[10] 
The first detection of silynes (H-CΞSi-F and H-CΞSi-Cl) were realized by neutralization-reionization 
(NR) mass spectroscopy in 1999 by the group of Schwarz.[11] In case of fluorine atom as substituent, 
the silyne isomer is thermodynamically more stable (10.4 kcal/mol) than the vinylidene structure (I in 
figure 2) due to the formation of a strong Si-F bond.[9] 
Some years later, Couret’s group postulated the synthesis of a germyne. The photolysis of a diazo-
substituted germylene (XLIII) generates a carbene moiety adjacent to a germanium atom, leading to 
the formation of a germyne. However, this germyne is a transient species which has not been 
detected. Nevertheless, its formation has been confirmed by a trapping reaction with two 
equivalents of tert-butanol to give the corresponding dioxo-germane (scheme 1).[12] 
 
Scheme 1. Generation and trapping of the first transient germyne 
 
Kira and Sakamoto have used the same procedure to generate the first stannyne. Again, this 
stannyne is a non-detectable transient species which cleanly evolves via a carbene insertion into a CH 
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bond of an isopropyl-group, giving a new isolable stannylene (scheme 2).[13] This result suggests the 
high contribution of the canonical structure “stannylene-carbene” rather than Sn-C triple bond. 
 
Scheme 2. Synthesis and rearrangement of the first stannyne 
 
Following the same strategy, our group has synthetized and isolated the first silyne, stabilized by a 
phosphine ligand. The silylene substituted diazomethane precursor (XLV) was synthetized by the 
reaction of the corresponding chloro-silylene with a lithiated phosphino diazomethane in THF. The 
product was isolated as dark orange crystals from a pentane solution in 42 % yield (scheme 3).[14] 
 
 
Scheme 3. Synthesis of diazo-silylene precursor. 
 
Photolysis of the diazomethane derivative XLV in THF at low temperature, promotes the 
elimination of N2 to generate a carbene in α-position to the silicon atom, allowing the synthesis of 
the silyne (scheme 4). The carbon geometry is essentially linear (Si-C-P angle: 178.2 ˚), confirming its 
sp hybridization, and the Si-C bond distance (1.667 Å) is shorter than of silenes (1.702 – 1.764 Å) [15,16] 
or silaallenes (1.693 Å),[17] which is consistent with a substantial triple bonding.[14] 
 
Scheme 4. Synthesis of the first silyne 
 
The procedure was extended to the germanium series (XLVI) in order to prepare the first stable 
germyne. However, the product obtained does not present any Ge-C -bond character but a Ge-C 
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single -bond. Instead, the central divalent carbon atom strongly interacts with the adjacent 
phosphino substituent to form a P-C double bond (1.55 Å) (scheme 5). Moreover, calculations 
indicate that this compound is best represented as a germylene substituted by a phosphino-carbene 
rather than a germyne with a Ge-C triple bond.[18] 
 
Scheme 5. Synthesis of phosphine-stabilized germyne 
 
This molecule is stable up to -30 °C and, above this temperature, a clean isomerization via a 1,2-
migration of the phosphine ligand from the germanium to the carbon centre, affords a new stable 
six-membered N-heterocyclic germylene stabilized by amino- and phosphonium ylide-substituents 
(scheme 6). 
 
Scheme 6. Isomerization into a phosphonium-ylide substituted germylene 
 
 
Heteronuclear group 14-group 15 analogues of alkynes. 
Nitriles, presenting a C-N triple bond, are well known in chemistry Wöhler and Liebig reported the 
first synthesis in 1832.[19] On the other hand, the synthesis of the first phosphaalkyne, presenting a C-
P triple bond, was described by Becker 150 years later.[20] Nevertheless, the isolation and 
characterization of heavier heteronuclear analogues involving a group 14 - group 15 multiple bond is 
still more elusive. This is due to the considerable differences in electronegativity and size between 
these elements, which reduces noteworthy the orbital overlapping.[21] 
As in the cases previously reported for group 14 - group 14 heavier analogues of alkynes, DFT 
calculations show that the group 14 - group 15 triple bond derivatives present a more stable isomer 
(the vinylidene form), which makes more difficult their synthesis (figure 4).[22] 
 
 
Figure 4. The two possible isomers of H-EN and H-EP (E = Si, Ge) 
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DFT calculations carried out by Su and co-workers predict that germanitrile R-GeΞN itself lies at 
the minimum of the potential energy surface, and can be strongly stabilized in both, a kinetic and
thermodynamic sense, with a proper choice of substituents, for example with R = F, where the 
isomerization barrier is 25 kcal/mol.[23] 
Due to the weakness of the E-P (E = Si, Ge, Sn) π-bonds, the multiple bond derivatives present a 
strong tendency to undergo dimerization, even oligomerization.[24,25] Also in these cases, DFT 
calculations predict their possible stabilization using bulky substituents, such as 2,6-bis(2,4,6-
triisopropylphenyl)phenyl groups.[26] 
In 2011 Driess’s group reported an attempt to synthesize a phosphasilyne using a smooth 
oxidation reaction (scheme 7).[27] However, the desire compound is not stable and dimerizes in a 
head-to-tail manner, giving a stable 2,4-disila-1,3-diphosphacyclobutadiene. 
 
Scheme 7. Synthesis of 2,4-disila-1,3-diphosphacyclobutadiene. 
 
More recently, the group of Filippou described the synthesis of a NHC-stabilized 
phosphasilenylidene (XLVIII), an isomer of the phosphasilyne presenting a Si=P double bond (scheme 
8).[28] They propose the transient formation of a NHC-stabilized phosphinosilylene, which eliminates 
trimethylsilyl chloride upon warming at room temperature. This is the first example of a compound 
with a Si=P double bond to a two-coordinated silicon atom, presenting the Si and P lone pairs. 
 
Scheme 8. Synthesis of NHC-stabilized phosphasilenylidene 
 
Regarding the previous heteronuclear heavier analogues of alkynes synthetized in the group 
(silyne and germyne), and the recent advances reported in the literature concerning silicon-
phosphorus multiple bond species, we considered, as an objective of this work, to prepare 
compounds presenting an E-P triple bond (E = Si, Ge). 
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II. Synthetic strategy  
 
In the previous cases, the use of diazomethane precursors to synthesize silyne and germyne 
derivatives is advantageous since the only by-product produced is N2 and, therefore, the work-up is 
very easy. In the similar manner, an easy way to synthesize E-P triple bonded species (E = Si, Ge) 
should be the generation of a phosphinidene in α-position to an appropriate silylene or germylene 
precursor, just by eliminating volatile by-products such as N2 or CO (figure 5). 
 
 
Figure 5. Synthetic strategy to obtain an E-P triple bond 
 
Recently, Grützmacher’s group developed the synthesis of sodium phosphaethylnolate [Na(OCP)], 
as a P-transfer agent. This anionic species is very convenient to introduce the cumulenic -P=C=O 
fragment by simple nucleophilic substitution. For example, its reaction with triphenylgermanium 
chloride affords cleanly a stable germyl-PCO compound (scheme 9).[29] 
 
 
Scheme 9. Synthesis of a germanium-phosphaketene 
 
Using this methodology, Driess’s group attempted to generate a donor-stabilized 
phosphagermyne by the photolysis of the corresponding P=C=O substituted germylene (scheme 
10).[30,31] However, the transient germanium-phosphinidene derivative is unstable and gives rise to a 
four-membered cyclic dimer. 
 
Scheme 10. Phosphinidene generation by elimination of CO 
 
We will consider the same synthetic strategy to synthesize a phosphagermyne and a 
phosphasilyne using the original phosphine ligand developed by our group. The precursors should be 
easily synthesized by the reaction of phosphine-stabilized chlorosilylene or germylene derivatives 
with Na(OCP)(dioxane)2.1 (figure 6). 
 
 
Figure 6. Synthetic strategy to generate a phospha-silyne or germyne derivatives 
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III. Results and discussion 
 
Synthesis of a phosphine-stabilized silylene substituted phosphaketenes 
In order to synthesize the silylene substituted phosphaketene, Si-PCO, the reaction of the 
corresponding phosphine-stabilized chloro-silylene with Na(OCP)(dioxane)2.1 has been carried out 
(scheme 11). Nevertheless, the product is unstable and starts to decompose even at low 
temperature, giving a complicated mixture of products. 
 
 
Scheme 11. Attempts to synthesize a phosphine-stabilized silylene substituted phosphaketene 
 
Since this synthesis failed, we decided to test the same synthetic approach in the germanium 
series. 
 
Synthesis and characterization of germylene substituted phosphaketenes 
Phosphine-stabilized chlorogermylene featuring different types of phosphines (a, b, c) have been 
prepared following the synthetic pathway already established in our group (scheme 12). The 
synthesis starts with the preparation of a bulky bicyclic imine 1 by the condensation reaction 
between the commercially available norcamphor and a 2,6-diisopropyl aniline. Then, the 
iminophosphines are obtained by the reaction of a carbanion at the -position of imine, generated 
by the deprotonation of imine 1 using n-BuLi, with the corresponding chlorophosphines (a-c). The 
deprotonation of the iminophosphine by n-BuLi followed by addition of GeCl2.dioxane affords the 
corresponding chlorogermylenes 2 in moderate to good yields (40 % for 2a, 40 % for 2b, 76 % for 2c). 
 
 
 
Scheme 12. Synthesis of chlorogermylenes 2 
 
The reaction of the phosphine-stabilized chlorogermylenes 2 with one equivalent of sodium 
phosphaethynolate, Na(OCP)(dioxane)2.1 [29] at room temperature, allowed us to synthetize the 
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desired germylene substituted phosphaketenes 3 which have been isolated as stable molecules in 
moderate to good yields (62 % for 3a, 36 % for 3b, 71 % for 3c) (scheme 13). 
 
 
Scheme 13. Synthesis of germylene-substituted phosphaketenes 3 
 
Due to the presence of two chiral centres (the asymmetric bicycle fragment and the tri-
coordinated germanium atom) the germylene 3 were obtained as a mixture of two diastereoisomers 
(figure 8). The ratio between the two isomers depends on the phosphine used (Table 2). 
 
 
Figure 8. The two possible diastereoisomers for germylene-substituted phosphaketenes 3 
 
For each product, two AX-systems are observed in 31P{1H} NMR, confirming the presence of two 
phosphorus atoms in the molecule (table 2). The signal corresponding to the –PCO unit is shifted to 
low field (-315.4 to -323.7 ppm) relative to that of Na(OCP) (-392.0 ppm), probably owing to the 
coordination of the phosphorus to the germanium centre. Indeed, the same tendency was observed 
with the Ph3Ge-P=C=O of Grützmacher’s group (-344 ppm) [29] and the diaminogermylene-stabilized 
phosphaketene of Driess (-298.9 ppm).[30] 
 
31P{1H} RMN 3a [60: 40] 3b [55: 45] 3c [80: 20] 
Phosphine (δ) 41.9 / 40.9 78.9 / 84.2 90.7 / 90.1 
-P=C=O (δ) -315.4 / -316.8 -318.9 / -323.7 -317.3 / -315.9 
2JPP (Hz) 3.3 / 5.3 42.2 / 47.1 32.4 / 34.9 
Table 2. Chemical shifts in 31P{1H} NMR 
 
The IR spectrum of compound 3c shows an intense stretching vibration band for each 
diastereoisomer (ν = 1920 and 1960 cm-1, respectively), characteristic of the P=C=O moiety. This 
value is closed to that found for Ph3Ge-P=C=O (1954 cm-1).[29] Moreover, the UV spectrum exhibits 
absorption maxima at 349 and 395 nm (one for each isomer), which correspond to the π-π* 
transitions of the P=C bond of the cumulene fragment. 
The germylene substituted phosphaketene 3c has been isolated as intense yellow crystals from a 
saturated solution of diethyl ether at -30 ˚C, and its molecular structure was established by single 
crystal X-ray diffraction analysis (figure 9). 
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Figure 9. Molecular structure of 3c (only one diastereoisomer is represented. Hydrogen atoms are 
omitted for clarity). 
 
Distances [Å] Angles [˚] 
Ge1-N1 1.988(4) P1-Ge1-P2 99.7(7) 
Ge1-P2 2.433(8) Ge1-P2-C2 86.0(12) 
Ge1-P1 2.497(3) P1-C1-O1 178.0(3) 
P2-C2 1.670(4) Ge1-P1-C1 94.1(14) 
P1-C1 1.716(4) P2-C2-C3 117.8(17) 
C1-O1 1.167(4) C2-C3-N1 126.6(3) 
C3-N1 1.355(2) C3-N1-Ge1 115.7(3) 
C2-C3 1.387(3)   
Table 3. Bond distances and angles chosen for the germylene 3c. 
 
The tricoordinate germanium centre is strongly pyramidalized [Ʃα(Ge) = 283 ˚]. The five-
membered ring GeNCCP is almost planar (Ʃα = 522 ˚). The C2-C3 bond distance is longer than a classic 
double bond (1.34 Å), meanwhile the P2-C2 and C3-N1 bond lengths are shorter than the classic 
single bonds (1.84 Å and 1.47 Å, respectively), suggesting a -electron delocalization from the 
enamine function to the four coordinate phosphorus centre (figure 10). 
 
 
Figure 10. Mesomeric forms of phosphino-stabilized germylenes 3 
 
The two Ge-P bonds (2.497 Å and 2.433 Å) are longer than a classic Ge(II)-P single bond (Karsh: 
2.36 Å, Izod: 2.41 Å).[32,33] This is because of the increased p-character of Ge-P -bond, due to the 
strong pyramidalization of the germanium centre. This bond length is similar to those observed for 
other phosphine stabilized germylenes (2.410 - 2.430 Å).[34,35] The acute Ge1-P1-C1 angle (94.13 ˚) is 
similar to those observed in some analogues transition metal-PCO complexes (Re: 92.6 ˚, Au: 86.2 ˚, 
Co: 116.2 ˚).[36,37] 
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Thermal decomposition of the germylene-substituted phosphaketenes 
The thermolysis of germylene-substituted phosphaketene precursors (3a-c) was realized in order 
to generate the corresponding phosphinidene via a decarbonylation reaction. 
 
A. Germylene-substituted phosphaketene 3a. 
The germylene-substituted phosphaketene with a di-tert-butylphosphine ligand (3a) is stable at 
room temperature, but it starts to evolve at 100 °C, releasing CO, to give a mixture of two products: 
the phosphine-supported germylene 4 and a 1,3-digerma-2,4-diphosphacyclobutadiene 5 in [65 : 35] 
ratio (scheme 14). 
 
Scheme 14. Thermolysis reaction of phosphaketene 3a  
 
 A.1 Analysis of new germylene 4 
The major product 4, was isolated by precipitation in pentane at room temperature in good yield 
(65 %). The 31P{1H}-NMR spectrum shows an AX-system (δ = 46.8 and -56.0 ppm, 2JPP = 6.2 Hz), where 
the signal for the phosphino substituent appears at -56 ppm as a doublet of doublet with a large 31P-
1H coupling constant (1JPH = 187.8 Hz), which is in good agreement with the presence of a P-H bond. 
The formation of 4 can be explained by an insertion reaction of the transient phosphinidene 3’a 
into a C-H bond of the tert-butyl group on the phosphine ligand (figure 11). 
 
Figure 11. Possible mechanism for the formation of germylene 4 
 
Yoshifuji and co-workers have described a similar C-H bond insertion reaction of a supermesityl-
phosphinidene, generated by photolysis of the corresponding diphosphene, to give a five-membered 
cyclic derivative (scheme 15).[38] The driving force of the reaction is the proximity between the 
phosphinidene centre and the C-H bond.[39] 
 
 
Scheme 15. Stabilization of supermesityl-phosphinidene via an intermolecular C-H insertion reaction 
Chapter II: synthesis of germylene-substituted phosphaketenes and decarbonylation reaction 
 
75 
 
The formation of germylene 4 is in good agreement with the generation of phosphinidene 3’a as 
an intermediate by thermolysis of 3a. However, all attempts to trap 3’a, using different substrates 
(butadienes, phosphines…) failed, probably due to the fast intramolecular C-H insertion reaction. 
 
 A.2 Analysis of symmetric dimer 5. 
The isolation of the minor product 1,3-digerma-2,4-phosphacyclobutadiene 5, which can be 
regarded as a head-to-tail dimer of 3’a, is also a good indication for the formation of the 
phosphinidene intermediate (scheme 16). 
 
 
Scheme 16. Head-to-tail dimerization of 3’a 
 
The same type of dimerization of donor-stabilized germaphosphaalkynes to give similar 1,3-
digerma-2,4-diphosphacyclobutadiene derivatives, has been recently described independently by 
Driess and Grützmacher, and by Liu’s group (scheme 17).[30,31] 
 
Scheme 17. Head-to-tail dimerization of diamino-stabilized germaphosphaalkynes 
 
The heterocycle 5 presents a symmetric structure with two doublets in the 31P{1H}-NMR 
spectrum: one for the two central phosphorus atoms (Pb), and another for the two phosphine ligands 
(Pa) (δ = 79.4 (Pa) and 10.4 ppm (Pb), 2JPP = 78.3 Hz) (figure 12). 
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Figure 12. 31P{1H}-NMR spectra of dimer 5. 
 
Dimer 5 was isolated as yellow crystals from a toluene solution at room temperature. The 
molecular structure reveals a planar four-membered ring Ge2P2 with a diamond-shape, which is 
perpendicular to the five-membered cycles. Both Ge centres present a distorted tetrahedral 
geometry and are coordinated to three phosphorus atoms (figure 13). 
 
 
Figure 13. X-ray structure of dimer 5 (hydrogen atoms are omitted for clarity) 
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Distances [Å] Angles [˚] 
Ge1-N1 1.955(16) P1-Ge1-P2 116.9(2) 
Ge1-P1 2.419(6) P2-Ge1-P2 104.2(19) 
Ge1-P2 2.267(6) Ge1-P2-Ge1 75.8(19) 
Ge1-Ge1 2.783(4) N1-Ge1-P1 85.2(5) 
P2-P2 3.573(1) C2-N1-Ge1 116.7(14) 
P1-C1 1.741(2) C1-P1-Ge1 94.89(8) 
C2-N1 1.339(3)   
C1-C2 1.368(3)   
Table 4: bond distances and angles chosen for dimer 5. 
 
The particularly long Ge1-N1 bond distance (1.955 Å) in comparison with the classical Ge-N bonds 
(1.80 - 1.86 Å),[55,56] can be rationalized by an enhanced negative hyperconjugation (delocalization of 
the lone pairs (np) of the two-coordinate phosphorus atoms into the low lying σ*GeN-orbitals) 
provided by the phosphorus atoms presented in the Ge2P2 ring. On the other hand, the Ge-P 
distances of the Ge2P2 ring, ranging from 2.262 to 2.267 Å, are significantly shorter than those 
observed in the germylene-PCO precursor 3a (2.434 Å), but longer than the Ge=P double bonds in 
the reported phosphagermenes (2.138 - 2.175 Å).[40–42] Such intermediates values of the Ge-P 
distances indicate a partial double bond character due to the delocalization of Ge-P π-bond electron 
in the four-membered ring (canonical structure 5A and 5A' in figure 14). 
 
 
Figure 14. Possible resonance structures of dimer 5 
 
Driess and co-workers described that, according to the DFT calculation on the similar dimer, the 
electronic situation is best described by the ylide-like resonance structure B, with two lone pairs on 
each phosphorus atom (figure 15), while the germylene-phosphinidene structure C seems much less 
relevant. The nucleus-independent chemical shift (NICS) values are slightly negative (NICS(0) = -5.9 
ppm, NICS(1) = -2.4 ppm), suggesting little or no aromaticity, but definitely not antiaromaticity.[30] 
 
 
Figure 15. Resonance structure proposed by Driess and co-workers 
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Dimer 5 has an analogue Ge2P2 cycle, so we can propose similar resonance structures (figure 14). 
Taking into account the results of the DFT calculations of Driess’s group, we suggest also that the 
resonance structure 5B is the one who describes better the electronic situation in dimer 5. The 
repulsion of the negative charge at the ylidic phosphorus centres is responsible for the observed 
rhombus-like distortion of the Ge2P2 cycle.[43] 
 
B. Germylene-substituted phosphaketene 3b. 
The germylene-substituted phosphaketene 3b is thermally labile and it slowly decomposes, even 
at room temperature, losing CO to afford an aromatic germanium analogous of 1,3-azaphospholes 
(scheme 19).[44] The reaction is highly selective and only the formation of 6 was observed. At 100 °C, 
the reaction completes within 30min to give the same product 6. 
 
 
Scheme 19. Synthesis of 1,3-germa-azaphosphole 6 
 
The 31P{1H}-NMR spectrum of 6 displays an AX-system (δ =126.6 and 172.7 ppm) with a larger JPP 
coupling constant than the starting germylene (140.5 Hz for 6 vs. 45.0 Hz for 3b). The signal 
appearing at low-field is in good agreement with the presence of Ge=P double bond. Indeed, this 
chemical shift is similar to the phosphagermene obtained by J. Escudié and co-workers.[41] Meanwhile 
the other signal corresponding to the phosphine moiety (without coordination) appears in the 
normal region for diamino-phosphine derivatives (figure 16).[45] 
 
 
Figure 16. Phosphagermene and cyclic diamino-phosphine with similar 31P{1H}-NMR chemical shifts. 
 
1H-31P{1H} 2D-NMR experiments clearly show a correlation between the protons of the isopropyl-
groups (δ = 2.86 and 3.55 ppm) of the diamino moiety and the phosphorus signal at 126.6 ppm, 
confirming the presence of  the five-membered cyclic phosphine (figure 17). 
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Figure 17. 1H-31P{1H} 2D-NMR analysis of compound 6 
 
As a possible mechanism for the formation of 6, the transient phosphinidene could evolve via two 
types of 1,3-migrations (the diamino moiety, or the cyclic vinyl group) to stabilize the phosphinidene 
centre (figure 18).[46] 
 
 
Figure 18. Possible mechanism for the formation of 6 
 
Crystals of 6, suitable for X-ray diffraction analysis, have not been yet obtained.  
 
C. Germylene-substituted phosphaketene 3c. 
Phosphaketene 3c is stable at room temperature but starts to evolve at 80 °C in toluene, releasing 
carbon monoxide. However, the formation of the transient phosphinidene could not be detected by 
NMR spectroscopy. After 2 hours at 100 ˚C, all the starting material is consumed and the formation 
of two new compounds is observed: a six-membered cyclic germylene (7) stabilized by amino- and 
phosphanylidene-phosphorane substituents, and an unsymmetrical dimer (8), in a ratio [70 : 30] 
(scheme 20). Both compounds are perfectly stable in solution at room temperature. However, after 
additional heating at 130 ˚C, the dimer transforms into the germylene 7, which is obtained as a 
unique product. 
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Scheme 20. Thermal decomposition of phosphaketene 3c 
 
 C.1. Analysis and characterization of unsymmetrical dimer 8 
The product 8 can be regarded as an unsymmetrical dimer of the transient phosphinidene 
featuring two distinct units: a phosphine-stabilized germylene (Ge1) and an imine-stabilized 
diphospha-germacyclopropylidene (Ge2). The structure of 8 was analysed by 31P{1H}-NMR 
spectroscopy and, since the dimer exists as a mixture of four diastereoisomers in a ratio [47 : 42 : 8 : 
3], four different systems were observed (figure 19 and table 5). 
 
 
 
Figure 19. 31P{1H} NMR sets for compound 8. The marks represent the signals for the major isomers (in 
red for 47 % and in blue for 42 %) 
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Diast. δ (ppm) 1JPP (Hz) 2JPP (Hz) 3JPP (Hz) 4JPP (Hz) 
47 % Pa: 68.2 (ddd) 499.7/ 494.7 43.7/ 38.0  78.0/ 73.0 
Pb: -177.2 (ddd) 499.7/ 494.7 
155.0 
 199.3/ 204.8  
Pc: -180.1 (ddd) 155.0 43.7/ 38.0 
14.0/ 9.3 
  
Pd: 86.6 (ddd)  14.0/ 9.3 199.3/ 204.8 78.0/ 73.0 
42 % Pa: 74.0 (ddd) 520.0 50.6  2.6 
Pb: -178.0 (ddd) 520.0 
172.0 
 13.3  
Pc: -194.0 (dd) 172.0 50.6   
Pd: 94.0 (dd)  50.6  2.6 
8 % Pa: 62.9 (dd) 429.3 89.3   
Pb: -185.7 (dd) 429.3 
118.4 
   
Pc: -217.7 (dd) 118.4 89.3   
Pd: not observed     
3 % Pa: 62.5 (ddd) 497.3 70.3  38.3 
Pb: -189.5 (ddd) 497.3 
132.3 
 116.5  
Pc: -180.2 (ddd) 132.3 70.3 
13.3 
  
Pd: 87.7 (ddd)  13.3 116.5 38.3 
Table 5. 31P{1H}-NMR chemical shifts of unsymmetrical dimer 8 
 
For all isomers, the signals corresponding to the two phosphine ligands (Pa and Pd) appear 
between 60 and 90 ppm, according to the chemical shifts of previously reported phosphine-stabilized 
germylenes.[18,47] The cyclic phosphorus atoms, Pb and Pc, resonate at high field (δ = -218 to -177 
ppm) as expected for three-membered cyclic structures.[48,49] The large JPP coupling constants values 
are in agreement with directly connected phosphorus atoms. 
One of the isomers was isolated as colourless crystals from an n-heptane solution at room 
temperature in a 59 % yield, allowing the X-ray diffraction analysis (figure 20). The molecular 
structure reveals two units of monomer featuring two different donor-stabilized germylenes. The 
first one (Ge1) presents a phosphine-stabilized germylene whose geometry is very similar to that of 
phosphaketene 3c. The second one (Ge2) forms part of a three-membered ring, in which the 
germanium atom is stabilized by the intramolecular coordination of the imino-phosphine 
fragment.[50] 
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Figure 20. X-ray structure of one diastereoisomer of dimer 8 (hydrogen atoms are omitted for clarity). 
 
Distances [Å] Angles [˚] 
Ge1-N1 2.009(15) N1-Ge1-P1 106.1(5) 
Ge1-P1 2.389(6) N1-Ge1-P3 85.2(5) 
P3-Ge1 2.417(5) C2-N1-Ge1 111.9(12) 
P3-C1 1.731(19) C1-P1-Ge1 92.3(7) 
C2-N1 1.344(2) P3-Ge1-P1 105.2(18) 
C1-C2 1.387(3) Ge1-P1-Ge2 80.2(18) 
P1-P2 2.219(7) Ge1-P1-P2 84.0(2) 
Ge2-P1 2.433(6) P1-Ge2-P2 54.2(18) 
Ge2-P2 2.439(6) P1-P2-Ge2 62.8(2) 
P2-P4 2.147(7) Ge2-P2-P4 101.2(2) 
Ge2-N2 2.006(16) N2-Ge2-P2 104.2(5) 
N2-C31 1.336(2) Ge2-N2-C31 131.9(13) 
P4-C30 1.725(12) P2-P4-C30 117.6(7) 
C30-C31 1.391(3)   
Table 6. Bond distances and angles chosen for unsymmetrical dimer 8. 
 
The molecular structure of 8 confirms its unsymmetrical dimeric structure with two different 
donor-stabilized Ge(II) centres, such as a phosphine stabilized germylene and imine-stabilized three-
membered cyclic diphosphagerma-cyclopropylidene. Of particular interest, the structure shows 
exceptionally acute Ge1-P1-Ge2 (80.2 ˚) and Ge1-P1-P2 (84.0 ˚) angles and very short interatomic 
distances (Ge1-Ge2: 3.10 Å, P2-Ge1: 3.09 Å) which are below the sum of the van der Waals radii (Ge-
Ge: 4.6 Å, P-Ge: 4.1 Å). These results suggest the presence of interactions between Ge1 - Ge2 or P2 - 
Ge1. To confirm that, DFT calculations and electron density analysis from the X-ray diffraction data, 
were carried out.  
The results of a QTAIM analysis (Quantum Theory of Atoms in Molecules) of the calculated 
electron density indicates that there is not bond path between Ge1 and Ge2 and between Ge1 and 
P2, despite their short inter-atomic distances (figure 21). Moreover, the three-membered ring has 
strongly outside curved Ge-P bonds, as it is typical for covalently bonded hetero-cyclopropanes. 
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Figure 21. Short inter-atomic distances Ge1-Ge2 (3.10 Å) and Ge1-P2 (3.09 Å) 
 
Instead, the DFT calculations (comparing the structure optimizations at the M06-2/C and 
B3LYP(D)/C level of theory) show the presence of strong dispersion interactions (87 kJ/mol), which 
enforces the short intramolecular distances of the Ge1, Ge2 and P2 atoms. 
In fact, when the same DFT calculations were carried out for a smaller model of dimer 8 with 
substituents such as phenyl groups (instead of Dipp), the methyl group (instead of tBu) at the flanking 
nitrogen atoms of the phosphine ligand and the hydrogen atoms (instead of Me) at silicon atom, the 
calculated dispersion correction is appreciably smaller (12 kcal/mol vs. 21 kcal/mol for dimer 8) 
(figure 22). 
 
 
Figure 22. Simplified model of dimer 8 (left) vs. dimer 8 (right) 
 
Therefore, we conclude that the origin for the dispersion interactions which enforces the short 
intramolecular distances between Ge1, Ge2 and P2 are the large substituents of the imino-phosphine 
fragment.[51,52] This results confirm that the conformation of the dimer 8 brings the two Ge atoms 
and P2 in proximity, turning out in a small but significant calculated Wiberg bond indices (WBIGe1-Ge2 = 
0.15, WBIGe2-P2 = 0.20). 
Although the mechanism of the reaction has not been definitively established, formally the 
formation of dimer 8 can be rationalized by a [2 + 1] cycloaddition reaction between transient 
phosphinidene 3’c and germylene 7 (scheme 21). Both processes, the formation of germylene 7 from 
phosphinidene 3’c (37 kcal/mol), as well as the subsequent cycloaddition reaction to give the dimer 8 
(61 kcal/mol) are calculated to be exothermic at M06-2X/6-311+G(d,p) level of theory. 
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Scheme 21. Possible mechanism for the formation of dimer 8 
 
From these data the following reaction pathway seems to be plausible: after CO-elimination, the 
first formed intermediate is phosphinidene 3’c, which rearranges to form germylene 7. This reacts 
with excess of available phosphinidene to form the unsymmetrical dimer 8. Upon entropy-driven 
thermal decomposition of the dimer, both monomers are regenerated and the exothermic 
rearrangement of phosphinidene to germylene 7 is completed. 
 
 C.2. Analysis and characterization of heterocyclic germylene 7. 
Heterocyclic germylene 7 was successfully isolated as yellow crystals, from an n-heptane solution 
at room temperature, in 40 % yield. The presence of two phosphorus atoms is clearly indicated by an 
AX-system in the 31P{1H}-NMR spectrum ( = 111.1 (PII) and 52.4 ppm (PIV)), and the large Jpp-coupling 
constant (1Jpp = 550.6 Hz) is in agreement with directly connected phosphorus atoms. The 
significantly low field chemical shift ( = 111.1 ppm) for the dicoordinated phosphorus atom, 
compared to those observed for other phosphanylidene phosphoranes (-158 - -115 ppm),[48,49] 
suggests a P-Ge multiple bond character (7B in figure 23). Indeed, the signal of phospha-germenes 
usually appear at lower field in 31P{1H}-NMR ( = 175 - 416 ppm).[40,41] 
 
Figure 23. Possible resonance structures of germylene 7 
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Distances [Å] Angles [˚] 
Ge1-N1 1.918(4) N1-Ge1-P1 106.9(13) 
Ge1-P1 2.247(18) Ge1-P1-P2 105.6(8) 
P1-P2 2.095(19) C2-N1-Ge1 129.4(4) 
P2-C1 1.744(6)   
C2-N1 1.374(6)   
C1-C2 1.376(8)   
    
    
Figure 24. X-ray structure of germylene 7 (hydrogen atoms are omitted for clarity) 
 
The molecular structure of 7, determined by X-ray diffraction analysis, confirms this bonding 
situation (figure 24). Indeed, the Ge-P1 bond distance (2.247 Å) is significantly shorter than the 
previously reported Ge(II)-P distances (ca. 2.40 Å),[53] and this value is very similar to the bond 
distance observed in bisphosphino-germylenes (2.234 Å), presenting a trigonal planar P atom.[54] This 
is in agreement with a strong π-donation of the phosphanylidene-phosphorane fragment to the 
Ge(II) centre. The P1-P2 bond length of 2.095 Å is consistent with a P-P multiple bond character, and 
is even shorter than those in phosphanylidene phosphoranes (2.141 - 2.184 Å).[48,49] On the other 
hand, the Ge1-N1 bond length (1.918 Å) is longer than those observed in cyclic diamino-germylenes 
(1.80 - 1.86 Å),[55,56] suggesting a only weak interaction of the amino group with the divalent 
germanium centre (resonance structure 7D in figure 23). 
The N1-Ge1-P1 angle (106.9 ˚) is larger than in the six-membered cyclic germylene previously 
synthetized in the group (figure 25),[18] suggesting an increased reactivity of the germylene centre.  
 
 
Figure 25. Six-membered cyclic germylene stabilized by an ylide subtituent 
 
 
Theoretical investigation of amino(phosphanilidene-σ4-phosphorane) germylene 7 by DFT 
calculations 
The comparison of bond lengths and Wiberg bond indices (WBI) of germylene 7, amino- and 
phosphino-germylenes, and of N-Heterocyclic germylenes (NHGe D in figure 26) indicates that the G-
P and P-P linkages bond orders are between 1 and 2. Meanwhile the Ge-N single bond in germylene 7 
is even weaker than in amino-germylenes in which the amino group is oriented perpendicular to the 
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HGeN plane (B). These results confirm the single bond character of Ge-N bond and a double bond 
character of the Ge-P bond and suggest that the phosphanylidene phosphorane fragment is much 
stronger π-donor substituent than the amino group. 
 
 
Figure 26. Calculated bond lengths (Å) and WBI (blue) of 7 and of amino- and phosphino-germylenes. 
 
Calculations on the NHGe D showed that HOMO and LUMO orbitals correspond to typical 
heteroallylic 3-centre-4π-electron systems. In marked contrast, in the case of the germylene 7, the 
highest occupied molecular orbital (HOMO) corresponds to the π-bond between germanium and 
dicoordinated P atom, without significant contributions from the N atom, and the LUMO is the 
antibonding counterpart. This also suggests the superior -donating character of phosphanylidene-
phosphorane than the amino group (figure 27). 
 
   
 
0LUMO (-0.63 eV) 
 
HOMO (-6.56 eV) 
 
HOMO-1 (-6.66 eV) 
Figure 27. Surface diagrams of the frontier orbitals of germylene 7 and their corresponding energy values 
(calculated at M06-2X/6-311+G(d,p), isodensity value: 0.04). Ge (skyblue), P (orange), N (blue), Si (pink), C 
(gray). 
 
The HOMO-1 corresponds to the two lone pairs at the Ge and P atoms. The energy level of the 
HOMO-1 in 7 (-6.66 eV) is much higher than in NHGe (-8.07 eV), due to the electropositive P atom 
directly connected to the germylene centre instead of nitrogen, as well as the strong π-electron 
donation of the phosphanylidene-phosphorane substituent, suggesting a strong nucleophilic 
character. 
Of particular interest, the singlet - triplet energy gap of 7 (ΔEST = 32 kcal/mol) is considerably 
smaller than that of NHGe (ΔEST = 68 kcal/mol) (figure 28). 
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Figure 28. FMO correlation diagram of germylenes and their calculated adiabatic singlet-triplet energy 
differences (ΔEST) 
 
This is probably due to the weaker Ge-P π-bond of germylene 7 (small HOMO(PGe)-LUMO(*PGe) 
gap) compared to the more extended and efficient allyl anion-like delocalization in NHGe, to the high 
energy level of the lone pair orbital on the germanium atom (HOMO-1), as well as to the large N1-
Ge1-P1 angle (106.9 ˚). 
In conclusion, the P,N-heterocyclic germylene 7 is mainly stabilized by the π-electropositive -
donating substituent such phosphanylidene-phosphorane, which leads to the small HOMO-LUMO 
gap as well as high HOMO-1 (nP,Ge) energy level. In consequence, the singlet-triplet energy gap is 
smaller than that of classical N-heterocyclic germylenes, which implies a pronounced amphiphilic 
character and an enhanced reactivity relative to classical NHGes. 
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IV. Conclusions and perspectives 
 
In this chapter we have shown the synthesis and full characterization of stable phosphaketenes 
functionalized germylenes supported by different phosphine ligands (3a-c). 
These germylene-phosphaketene derivatives are thermally labile and easily undergo thermal 
decarbonylation (between RT to 100 ˚C), affording the corresponding transient germylene-
phosphinidene derivatives. Of particular interest, the evolution of these phosphinidene 
intermediates is strongly related to the nature of the phosphine ligand coordinated to the Ge(II) 
centre. 
In the case of di-tert-butylphosphine-stabilized germylene 3a, the intermediate evolves via a 
phosphinidene insertion into a C-H bond and by a head-to-tail dimerization of germaphosphaalkyne, 
leading either the formation of a new phosphine stabilized germylene (4) or a Ge2P2 dimer (5) 
respectively. 
The germylene-stabilized phosphaketene 3b with a five-membered cyclic diamino phosphine 
ligand is not enough stable and, after elimination of CO at room temperature, the transient 
phosphinidene evolves via 1,3-migration of the diamino-substituent or of the vinyl group, to give an 
aromatic germanium five-membered ring 6 analogous to 1,3-azaphospholes. 
In the case of germylene 3c stabilized by the bulkier four-membered cyclic diamino phosphine, 
the phosphine ligand migrates from the germanium to the P atom to form a new six-membered 
cyclic germylene (7), and an unsymmetrical dimer (8), which presents two different donor-stabilized 
germylene centres. The P,N-heterocyclic germylene 7 is mainly stabilized by the π-electropositive -
donating phosphanilidene-phosphorane fragment, which leads to a small HOMO-LUMO gap as well 
as high HOMO-1 (nP,Ge) energy level. As a consequence, the singlet-triplet energy gap is smaller than 
that of classical N-heterocyclic germylenes (NHGes), which implies a pronounced amphiphilic 
character and an enhanced reactivity. 
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Synthesis of chloro-germylene 2a: 
 
                                                                        P.M. = 520.70 g/mol 
 
A n-BuLi (3.13 mL, 5.0 mmol, 1.6 M in hexane) solution was added dropwise to an iminophosphine 
(A) solution (2.50 g, 5.0 mmol) in THF (15 mL) at -80 ˚C. The solution was slowly warmed to room 
temperature. The mixture was cooled down again at -80 ˚C, and a solution of GeCl2.dioxane (1.16 g, 
5.0 mmol) in THF (5.0 mL), was added. The solution was warmed to room temperature and stirred for 
1 h. All the volatiles were removed under vacuum and the residue was extracted with pentane. The 
product was obtained as pale yellow crystals from a concentrated solution of pentane at -30 ˚C (0.26 
g, yield = 40 %). 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
Major (80 %): 33.6 
Minor (20 %): 32.5 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
Major (80 %): 1.09 (s, 9H, CH3tBu), 1.19 (m, 1H, CH2bridge), 1.21 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.27 (m, 2H, 
CH2), 1.29 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.32 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.38 (m, 2H, CH2), 1.39 (s, 9H, 
CH3tBu), 1.58 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.75 (m, 1H, CH2bridge), 2.48 (s, 1H, CHbridgehead), 2.81 (s, 1H, 
CHbridgehead), 3.29 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.69 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.11 (d, 3JHH = 2.0 
Hz, 1H, CHm-Ar), 7.18 (m, 1H, CHp-Ar), 7.23 (d, 3JHH = 2.0 Hz, CHm-Ar). 
Minor (20 %): 1.13 (s, 9H, CH3tBu), 1.13 (m, 1H, CH2bridge), 1.18 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.26 (d, 3JHH 
= 6.8 Hz, 6H, CH3iPr), 1.29 (m, 4H, CH2), 1.36 (s, 9H, CH3tBu), 1.58 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.65 (m, 
1H, CH2bridge), 2.26 (s, 1H, CHbridgehead), 2.87 (s, 1H, CHbridgehead), 3.12 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 3.96 
(sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.09 (d, 3JHH = 2.0 Hz, 1H, CHm-Ar), 7.21 (m, 1H, CHp-Ar), 7.25 (d, 3JHH = 2.0 
Hz, 1H, CHm-Ar). 
 
NMR 13C{1H} (75 MHz, C6D6, δ ppm): 
Major (80 %): 24.4 (s, CH3iPr), 24.6 (s, CH3iPr), 24.7 (s, CH2), 24.8 (s, CH2), 25.9 (s, CH3iPr), 25.9 (s, CH3iPr), 
27.7 (s, CHiPr), 28.3 (s, CHiPr), 29.2 (s, CtBu), 29.6 (s, CH3tBu), 30.0 (d, 1JCP = 1.9 Hz, CtBu), 43.6 (d, 3JCP = 4.6 
Hz, CHbridgehead), 44.1 (d, 2JCP = 11.7 Hz, CHbridgehead), 48.7 (d, 3JCP = 3.2 Hz, CH2bridge), 81.1 (d, 1JCP = 40.8 
Hz, C-P), 123.6 (s, CHm-Ar), 124.3 (s, CHm-Ar), 126.5 (s, CHp-Ar), 138.9 (s, CAr), 146.1 (s, CAr), 148.2 (s, CAr), 
184.3 (d, 2JCP = 24.4 Hz, C-N). 
Minor (20 %): 23.9 (s, CH3iPr), 25.3 (s, CH2), 25.4 (s, CH2), 25.4 (s, CH3iPr), 25.5 (s, CH3iPr), 25.9 (s, CH3iPr), 
27.5 (s, CHiPr), 28.1 (s, CHiPr), 29.0 (s, CH3tBu), 29.7 (s, CtBu), 43.8 (s, CHbridgehead), 43.9 (s, CHbridgehead), 50.0 
(d, 3JCP = 4.2 Hz, CH2bridge), 82.1 (d, 1JCP = 40.0 Hz, C-P), 123.6 (s, CHm-Ar), 124.5 (s, CHm-Ar), 126.7 (s, CHp-
Ar), 139.5 (s, CAr), 146.6 (s, CAr), 148.6 (s, CAr), 183.9 (d, 2JCP = 23.1 Hz, C-N) 
. 
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Synthesis of chloro-germylene 2b: 
 
                                                                           P.M. = 548.72 g/mol 
 
A n-BuLi (3.13 mL, 5.0 mmol, 1.6 M in hexane) solution was added dropwise to an iminophosphine 
(B) solution (2.50 g, 5.0 mmol) in THF (15 mL) at -80 ˚C. The solution was slowly warmed to room 
temperature. The mixture was cooled down again at -80 ˚C, and a solution of GeCl2.dioxane (1.16 g, 
5.0 mmol) in THF (5.0 mL), was added. The solution was warmed to room temperature and stirred for 
1 h. All the volatiles were removed under vacuum and the residue was extracted with pentane. The 
product was obtained as pale yellow crystals from a concentrated solution of pentane at -30 ˚C (0.25 
g, 40 %). 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
Diast.1 (50 %): 65.7 
Diast. 2 (50 %): 71.6 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
Diast. 1 (50 %): 1.02 (d, 3JHH = 6.8 Hz, 6H, NCH3iPr), 1.04 (d, 3JHH = 6.7 Hz, 6H, NCH3iPr), 1.18 (d, 3JHH = 6.9 
Hz, 3H, CH3iPr), 1.18 (m, 1H, CH2bridge), 1.23 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.27 (d, 3JHH = 6.9 Hz, 3H, 
CH3iPr), 1.29 (m, 2H, CH2), 1.35 (m, 2H, CH2), 1.50 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.61 (m, 1H, CH2bridge), 
2.33 (s, 1H, CHbridgehead), 2.47 (m, 2H, NCH2), 2.54 (m, 2H, NCH2), 2.89 (s, 1H, CHbridgehead), 3.15 (sept, 
3JHH = 6.9 Hz, 1H, CHiPr), 3.47 (sept, 3JHH = 6.7 Hz, 1H, NCHiPr), 4.00 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 4.22 
(sept, 3JHH = 6.8 Hz, 1H, NCHiPr), 7.10 (m, 1H, CHm-Ar), 7.19 (m, 1H, CHm-Ar), 7.20 (m, 1H, CHp-Ar). 
Diast. 2 (50 %): 0.91 (d, 3JHH = 6.7 Hz, 3H, NCH3iPr), 0.93 (d, 3JHH = 6.7 Hz, 3H, NCH3iPr), 0.98 (d, 3JHH = 6.7 
Hz, 3H, NCH3iPr), 0.99 (d, 3JHH = 6.7 Hz, 3H, NCH3iPr), 1.21 (m, 1H, CH2bridge), 1.22 (d, 3JHH = 6.9 Hz, 3H, 
CH3iPr), 1.28 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.29 (m, 2H, CH2), 1.34 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.53 (d, 
3JHH = 6.8 Hz, 3H, CH3iPr), 1.69 (m, 2H, CH2), 1.74 (m, 1H, CH2bridge), 2.54 (m, 2H, NCH2), 2.60 (s, 1H, 
CHbridgehead), 2.69 (m, 2H, NCH2), 2.74 (s, 1H, CHbridgehead), 3.23 (sept, 3JHH = 6.7 Hz, 1H, NCHiPr), 3.27 
(sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.70 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 4.05 (sept, 3JHH = 6.7 Hz, 1H, NCHiPr), 
7.10 (m, 1H, CHm-Ar), 7.19 (m, 1H, CHm-Ar), 7.20 (m, 1H, CHp-Ar). 
 
NMR 13C{1H} (75 MHz, C6D6, δ ppm): 
Diast. 1 (50 %): 20.3 (d, 3JCP = 2.2 Hz, NCH3iPr), 20.4 (s, NCH3iPr), 20.6 (s, NCH3iPr), 20.9 (d, 3JCP = 2.3 Hz, 
NCH3iPr), 23.9 (s, CH3iPr), 24.6 (s, CH3iPr), 25.5 (s, CH2), 25.8 (s, CH3iPr), 26.1 (s, CH3iPr), 27.7 (s, CHiPr), 28.8 
(s, CHiPr), 29.5 (d, 3JCP = 0.8 Hz, CH2), 38.6 (s, NCH2), 39.3 (d, 2JCP = 2.0 Hz, NCH2), 40.8 (d, 3JCP = 8.5 Hz, 
CHbridgehead), 43.4 (d, 2JCP = 14.2 Hz, CHbridgehead), 44.5 (d, 2JCP = 9.7 Hz, NCHiPr), 45.2 (d, 2JCP = 9.0 Hz, 
NCHiPr), 48.8 (d, 3JCP = 3.2 Hz, CH2bridge), 90.9 (d, 1JCP = 157.0 Hz, C-P), 123.3 (s, CHm-Ar), 124.5 (s, CHm-Ar), 
126.6 (s, CHp-Ar), 140.3 (s, CAr), 146.3 (s, CAr), 147.6 (s, CAr), 191.1 (d, 2JCP = 42.4 Hz, C-N), 
Diast. 2 (50 %): 21.1 (d, 3JCP = 5.5 Hz, NCH3iPr), 21.2 (d, 3JCP = 5.6 Hz, NCH3iPr), 22.0 (d, 3JCP = 7.0 Hz, 
NCH3iPr), 22.2 (d, 3JCP = 4.3 Hz, NCH3iPr), 24.4 (s, CH3iPr), 25.3 (s, CH3iPr), 25.5 (s, CH2), 26.0 (s, CH3iPr), 
26.1 (s, CH3iPr), 27.9 (s, CHiPr), 28.7 (s, CHiPr), 29.6 (d, 3JCP = 1.3 Hz, CH2), 39.3 (d, 2JCP = 2.0 Hz, NCH2), 
39.4 (d, 2JCP = 3.0 Hz, NCH2), 40.5 (d, 3JCP = 8.1 Hz, CHbridgehead), 44.1 (d, 2JCP = 13.4 Hz, CHbridgehead), 44.8 
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(d, 2JCP = 10.0 Hz, NCHiPr), 44.9 (d, 2JCP = 8.3 Hz, NCHiPr), 46.8 (d, 3JCP = 4.7 Hz, CH2bridge), 90.6 (d, 1JCP = 
160.7 Hz, C-P), 123.7 (s, CHm-Ar), 124.3 (s, CHm-Ar), 126.6 (s, CHp-Ar), 139.5 (s, CAr), 145.5 (s, CAr), 147.6 
(s, CAr), 190.4 (d, 2JCP = 41.2 Hz, C-N). 
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Synthesis of chloro-germylene 2c: 
 
                                                                             P.M. = 606.87 g/mol 
 
A n-BuLi (3.13 mL, 5.0 mmol, 1.6 M in hexane) solution was added dropwise to an iminophosphine 
(C) solution (2.50 g, 5.0 mmol) in THF (15 mL) at -80 ˚C. The solution was slowly warmed to room 
temperature. The mixture was cooled down again at -80 ˚C, and a solution of GeCl2.dioxane (1.16 g, 
5.0 mmol) in THF (5.0 mL), was added. The solution was warmed to room temperature and stirred for 
1 h. All the volatiles were removed under vacuum and the residue was extracted with pentane. The 
product was obtained as pale yellow crystals from a concentrated solution of pentane at -30 ˚C (2.30 
g, 76 %). M.p. 209 ˚C. 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
Major (60 %): 83.6 
Minor (40 %): 84.4 
 
NMR 29Si{1H} (59 MHz, C6D6, δ ppm): 
Major (60 %): 11.1 (d, 2JSiP = 4.14 Hz). 
Minor (40 %): 11.0 (d, 2JSiP = 4.30 Hz). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
Major (60 %): 0.22 (s, 3H, Si(CH3)2), 0.27 (s, 3H, Si(CH3)2), 1.18 (s, 9H, CH3tBu), 1.19 (d, 2JHH = 9.1 Hz, 1H, 
CH2), 1.24 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (d, 2JHH = 7.1 Hz, 1H, CH2), 
1.33 (d, 2JHH = 7.1 Hz, 1H, CH2), 1.38 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.39 (s, 9H, CH3tBu), 1.59 (d, 3JHH = 6.0 
Hz, 3H, CH3iPr), 1.64 (m, 2H, CH2), 1.67 (d, 2JHH = 9.1 Hz, 1H, CH2), 2.58 (s, 1H, CHbridgehead), 3.05 (s, 1H, 
CHbridgehead), 3.47 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.68 (sept, 3JHH = 6.6 Hz, 1H, CHiPr), 7.12 (m, 1H, CHAr), 
7.21 (m, 1H, CHAr), 7.23 (m, 1H, CHAr). 
Minor (40 %): 0.22 (s, 3H, Si(CH3)2), 0.27 (s, 3H, Si(CH3)2), 1.18 (s, 9H, CH3tBu), 1.19 (d, 2JHH = 9.1 Hz, 1H, 
CH2), 1.24 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (d, 2JHH = 7.1 Hz, 1H, CH2), 
1.33 (d, 2JHH = 7.1 Hz, 1H, CH2), 1.38 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.39 (s, 9H, CH3tBu), 1.59 (d, 3JHH = 6.0 
Hz, 3H, CH3iPr), 1.64 (m, 2H, CH2), 1.67 (d, 2JHH = 9.1 Hz, 1H, CH2), 2.58 (s, 1H, CHbridgehead), 3.05 (s, 1H, 
CHbridgehead), 3.47 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.68 (sept, 3JHH = 6.6 Hz, 1H, CHiPr), 7.12 (m, 1H, CHAr), 
7.21 (m, 1H, CHAr), 7.23 (m, 1H, CHAr). 
 
NMR 13C{1H} (75 MHz, C6D6, δ ppm): 
Major (60 %): 3.6 (d, 3JCP = 1.3 Hz, Si(CH3)2), 5.5 (d, 3JCP = 5.0 Hz, Si(CH3)2), 24.3 (s, CH3iPr), 24.6 (s, 
CH3iPr), 25.2 (d, 4JCP = 1.3 Hz, CH2), 25.5 (s, CH3iPr), 26.1 (s, CH3iPr), 27.7 (s, CH3iPr), 28.4 (s, CHiPr), 29.0 (d, 
3JCP = 1.5 Hz, CH2), 32.7 (d, 3JCP = 3.0 Hz, CH3tBu), 32.8 (d, 3JCP = 4.2 Hz, CH3tBu), 40.5 (d, 3JCP = 7.1 Hz, 
CHbridgehead), 43.8 (d, 2JCP = 14.0 Hz, CHbridgehead), 46.5 (d, 3JCP = 5.2 Hz, CH2), 51.0 (d, 2JCP = 2.9 Hz, CtBu), 
51.5 (d, 2JCP = 3.0 Hz, CtBu), 98.9 (d, 1JCP = 21.0 Hz, C-P), 123.7 (s, CHAr), 124.2 (s, CHAr), 126.7 (s, CHAr), 
139.1 (d, 4JCP = 3.9 Hz, CAr), 145.5 (s, CAr), 147.5 (s, CAr), 184.6 (d, 2JCP = 42.0 Hz, C-N). 
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Minor (40 %): 3.9 (d, 3JCP = 1.3 Hz, Si(CH3)2), 5.5 (d, 3JCP = 5.0 Hz, Si(CH3)2), 23.9 (s, CH3iPr), 25.2 (s, 
CH3iPr), 25.4 (s, CH3iPr), 25.6 (d, 4JCP = 1.3 Hz, CH2), 26.1 (s, CH3iPr), 27.6 (s, CHiPr), 28.4 (s, CHiPr), 28.6 (d, 
3JCP = 1.5 Hz, CH2), 32.4 (d, 3JCP = 4.0 Hz, CH3tBu), 32.9 (d, 3JCP = 2.9 Hz, CH3tBu), 40.6 (d, 3JCP = 7.0 Hz, 
CHbridgehead), 43.3 (d, 2JCP = 14.0 Hz, CHbridgehead), 48.7 (d, 3JCP = 6.0 Hz, CH2), 51.5 (d, 2JCP = 3.9 Hz, CtBu), 
98.9 (d, 1JCP = 21.0 Hz, C-P), 123.7 (s, CHAr), 124.4 (s, CHAr), 126.8 (s, CHAr), 139.5 (s, CAr), 145.9 (s, CAr), 
147.8 (s, CAr), 184.5 (d, 2JCP = 23.0 Hz, C-N). 
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Synthesis of germylene-substituted phosphaketene 3a: 
 
P.M. = 544.24 g/mol 
 
Chlorogermylene 2a (0.62 g, 1.19 mmol) and 1.2 eq. of Na(OCP)(dioxane)2.1 (0.17 g, 1.43 mmol) are 
solved in 10 mL of THF at room temperature. After stirring for 1 h, all the volatiles were removed 
under vacuum and the residue was extracted with diethyl ether. The product 3a was obtained as 
intense yellow crystals from a concentrated solution of diethyl ether at -30 ˚C (0.40 g, yield = 62 %). 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
Major (60 %): 41.9 (d, 2JPP = 3.3 Hz, NC=CP), -315.4 (d, 2JPP = 3.3 Hz, P=C=O). 
Minor (40 %): 40.9 (d, 2JPP = 5.3 Hz, NC=CP), -316.8 (d, 2JPP = 5.3 Hz, P=C=O). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
Major (60 %): 1.10 (m, 1H, CH2bridge), 1.11 (s, 5H, CH3tBu), 1.15 (s, 4H, CH3tBu), 1.20 (d, 3JHH = 6.5 Hz, 3H, 
CH3iPr), 1.21(d, 3JHH = 6.5 Hz, 3H, CH3iPr), 1.24 (d, 4JHP = 0.5 Hz, 5H, CH3tBu), 1.28 (d, 4JHP = 0.5 Hz, 4H, 
CH3tBu), 1.28 (d, 3JHH = 7.0 Hz, 3H, CH3iPr), 1.36 (d, 3JHH = 7.0 Hz, 3H, CH3iPr), 1.36 (m, 2H, CH2), 1.62 (m, 
1H, CH2bridge), 1.65 (m, 2H, CH2), 2.44 (s, 1H, CHbridgehead), 2.85 (s, 1H, CHbridgehead), 3.23 (sept, 3JHH = 7.0 
Hz, 1H, CHiPr), 3.35 (sept, 3JHH = 6.5 Hz, 1H, CHiPr), 7.08 (m, 1H, CHm-Ar), 7.10 (m, 1H, CHm-Ar), 7.17 (br, 
1H, CHp-Ar). 
Minor (40 %): 1.09 (m, 1H, CH2bridge), 1.13 (s, 5H, CH3tBu), 1.16 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.18 (s, 4H, 
CH3tBu), 1.26 (d, 4JHP = 0.5 Hz, 5H, CH3tBu), 1.29 (s, 4H, CH3tBu), 1.39 (m, 3H, CH2), 1.43 (d, 3JHH = 6.9 Hz, 
3H, CH3iPr), 1.49 (m, 2H, CH2), 1.54 (d, 3JHH = 7.2 Hz, 3H, CH3iPr), 1.57 (d, 3JHH = 7.2 Hz, 3H, CH3iPr), 2.25 
(s, 1H, CHbridgehead), 2.52 (s, 1H, CHbridgehead), 3.11 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.54 (sept, 3JHH = 7.2 Hz, 
1H, CHiPr), 7.06 (m, 1H, CHm-Ar), 7.12 (m, 1H, CHm-Ar), 7.18 (br, 1H, CHp-Ar). 
 
NMR 13C{1H} (75 MHz, C6D6, δ ppm): 
Major (60 %): 24.4 (s, CH3iPr), 24.7 (s, CH3iPr), 24.9 (s, CH2), 26.1 (s, CH3iPr), 26.3 (s, CH3iPr), 27.5 (s, 
CHiPr), 28.5 (s, CHiPr), 29.3 (s, CH2), 29.8 (s, CH3tBu), 29.9 (s, CH3tBu), 43.8 (d, 3JCP = 4.0 Hz, CHbridgehead), 
44.4 (d, 2JCP = 10.7 Hz, CHbridgehead), 48.4 (d, 3JCP = 2.5 Hz, CH2bridge), 81.2 (d, 1JCP = 42.2 Hz, C-P), 65.5 (s, 
CtBu), 69.1 (s, CtBu), 124.1 (s, CHm-Ar), 124.2 (s, CHp-Ar), 138.6 (s, CAr), 146.4 (s, CAr), 147.2 (s, CAr), 182.9 
(d, 1JCP = 22.3 Hz, P=C=O), 183.1 (d, 2JCP = 9.7 Hz, C-N). 
Minor (40 %): 24.0 (s, CH3iPr), 25.3 (s, CH2), 25.7 (s, CH3iPr), 25.9 (s, CH3iPr), 26.3 (s, CH3iPr), 27.5 (s, 
CHiPr), 28.1 (s, CHiPr), 28.9 (s, CH2), 29.1 (s, CH3tBu), 29.2 (s, CH3tBu), 42.6 (d, 3JCP = 5.3 Hz, CHbridgehead), 
43.9 (d, 2JCP = 13.0 Hz, CHbridgehead), 49.9 (d, 3JCP = 4.3 Hz, CH2bridge), 65.6 (CtBu), 67.4 (CtBu), 82.7 (d, 1JCP = 
32.7 Hz, C-P), 124.1 (s, CHm-Ar), 124.2 (s, CHp-Ar), 139.9 (s, CAr), 146.9 (s, CAr), 147.9 (s, CAr), 183.6 (br, 
P=C=O), 183.8 (d, 2JCP = 5.2 Hz, C-N). 
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Synthesis of germylene-substituted phosphaketene 3b: 
 
P.M. = 572.25 g/mol 
 
Chlorogermylene 2b (0.13 g, 0.24 mmol) and 1.56 eq. of Na(PCO)(dioxane)2.1 (0.10 g, 0.34 mmol) are 
solved in 3 mL of THF at 0 ˚C. After stirring for 1 h stirring at 0 ˚C and 30 min at room temperature, all 
the volatiles were removed under vacuum and the residue was extracted with pentane. The product 
3b was obtained as intense yellow crystals from a concentrated solution of pentane at -30 ˚C (0.05 g, 
yield = 36 %). M.p. 101 - 131 ˚C. 
 
NMR 31P{1H} (162 MHz, 233 K, C6D6, δ ppm): 
Major (55 %): 83.5 (d, 2JPP = 43.3 Hz, NC=CP), -318.3 (d, 2JPP = 43.3 Hz, P=C=O). 
Minor (45 %): 78.1 (d, 2JPP = 52.2 Hz, NC=CP), -323.0 (d, 2JPP = 52.2 Hz, P=C=O). 
 
NMR 1H (400 MHz, 233K, C6D6, δ ppm): 
Major (55 %): 0.91 (d, 3JHH = 6.6 Hz, 6H, NCH3iPr), 1.11 (d, 3JHH = 6.6 Hz, 6H, NCH3iPr), 1.16 (m, 1H, 
CH2bridge), 1.22 (d, 3JHH= 6.8 Hz, 3H, CH3iPr), 1.29 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.39 (m, 2H, CH2), 1.53 (d, 
3JHH = 6.8 Hz, 6H, CH3iPr), 1.62 (m, 1H, CH2bridge), 1.71 (m, 2H, CH2), 2.34 (m, 2H, NCH2), 2.56 (s, 1H, 
CHbridgehead), 2.63 (d, 2JHH = 7.5 Hz, 2H, NCH2), 2.89 (s, 1H, CHbridgehead), 3.34 (sept, 3JHH = 6.8 Hz, 2H, 
CHiPr), 3.41 (sept, 3JHH = 6.6 Hz, 1H, NCHiPr), 3.66 (sept, 3JHH = 6.6 Hz, 1H, NCHiPr), 7.13 (m, 2H, CHm-Ar), 
7.14 (m, 1H, CHp-Ar). 
Minor (45 %): 0.97 (d, 3JHH = 6.5Hz, 6H, NCH3iPr), 1.04 (d, 3JHH = 6.5 Hz, 3H, NCH3iPr), 1.15 (m, 1H, 
CH2bridge), 1.22 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.30 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.34 (d, 3JHH = 6.5 Hz, 3H, 
NCH3iPr), 1.40 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.41 (m, 2H, CH2), 1.46 (m, 2H, CH2), 1.60 (d, 3JHH = 6.7 Hz, 
3H, CH3iPr), 1.66 (m, 1H, CH2bridge), 2.25 (s, 1H, CHbridgehead), 2.48 (m, 2H, NCH2), 2.61 (d, 2JHH = 8.1 Hz, 
2H, NCH2), 2.67 (s, 1H, CHbridgehead), 3.08 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.66 (sept, 3JHH = 6.5 Hz, 1H, 
NCHiPr), 3.80 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 3.82 (sept, 3JHH = 6.5 Hz, 1H, NCHiPr), 7.15 (m, 2H, CHm-Ar), 
7.16 (m, 1H, CHp-Ar). 
 
NMR 13C{1H} (100 MHz, 233 K, C6D6, δ ppm): 
Major (55 %): 21.1 (s, NCH3iPr), 21.1 (s, NCH3iPr), 21.1 (s, NCH3iPr), 21.1 (s, NCH3iPr), 24.2 (s, CH3iPr), 24.7 
(s, CH3iPr), 25.5 (s, CH2), 26.4 (s, CH3iPr), 26.4 (s, CH3iPr), 28.1 (s, CHiPr), 28.7 (s, CHiPr), 29.9 (s, CH2), 38.1 
(s, NCH2), 38.9 (s, NCH2), 40.9 (d, 3JCP= 7.5 Hz, CHbridgehead), 44.1 (d, 2JCP = 9.3 Hz, NCHiPr), 44.3 (d, 2JCP = 
9.9 Hz, NCHiPr), 44.5 (d, 2JCP = 12.0 Hz, CHbridgehead), 49.1 (d, 3JCP = 2.1 Hz, CH2bridge), 89.4 (d, 1JCP = 34.0 
Hz, C-P), 124.2 (s, CHm-Ar), 124.2 (s, CHm-Ar), 126.7 (s, CHp-Ar), 139.1 (d, 3JCP = 3.7 Hz, CAr), 145.4 (s, CAr), 
146.9 (s, CAr), 187.4 (dd, 1JCP = 100.3 Hz, 3JCP = 21.3 Hz, P=C=O), 189.3 (dd, 2JCP = 38.9 Hz, 3JCP = 1.7 Hz, 
C-N). 
Minor (45 %): 19.9 (s, NCH3iPr), 20.9 (s, NCH3iPr), 20.9 (s, NCH3iPr), 22.2 (s, NCH3iPr), 24.2 (s, CH3iPr), 24.9 
(s, CH3iPr), 25.7 (s, CH2), 25.8 (s, CH3iPr), 26.4 (s, CH3iPr), 28.3 (s, CHiPr), 28.8 (s, CHiPr), 29.8 (s, CH2), 38.2 
(d, 2JCP = 3.9 Hz, NCH2), 39.9 (s, NCH2), 40.4 (d, 3JCP = 7.0 Hz, CHbridgehead), 43.4 (d, 2JCP = 13.1 Hz, 
CHbridgehead), 45.1 (d, 2JCP = 9.7 Hz, NCHiPr), 45.2 (d, 2JCP = 9.7 Hz, NCHiPr), 46.5 (d, 3JCP = 4.6 Hz, CH2bridge), 
91.7 (d, 1JCP = 28.1 Hz, C-P), 123.8 (s, CHm-Ar), 124.4 (s, CHm-Ar), 126.8 (s, CHp-Ar), 139.9 (d, 3JCP = 5.4 Hz, 
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CAr), 146.4 (s, CAr), 146.8 (s, CAr), 188.7 (dd, 1JCP = 100.4 Hz, 3JCP = 20.6 Hz, P=C=O), 190.4 (dd, 2JCP = 
40.0 Hz, 3JCP = 2.2 Hz, C-N). 
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Synthesis of germylene-substituted phosphaketene 3c: 
 
P.M. = 630.40 g/mol 
 
Chlorogermylene 2c (0.2 g, 0.33 mmol) and 1.56 eq. of Na(OCP)(dioxane)2.1 (0.13 g, 0.51 mmol) are 
solved in 2 mL of THF at room temperature. After stirring for 1 h, all the volatiles were removed 
under vacuum and the residue was extracted with diethyl ether. The product 3c was obtained as 
intense yellow crystals from a concentrated solution of pentane at -30 ˚C (0.89 g, yield = 71 %). M.p. 
147-159 ˚C. Anal. Calcd. For C30H49N3OP2SiGe: C, 56.56; H, 7.85; N, 6.51. Found: C, 57.16; H, 7.83; N, 
6.67. 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
Major (80 %): 90.6 (d, 2JPP = 32.6 Hz, NC=CP), -317.0 (d, 2JPP = 32.6 Hz, P=C=O). 
Minor (20 %): 89.9 (d, 2JPP = 35.8 Hz, NC=CP), -315.5 (d, 2JPP = 35.8 Hz, P=C=O). 
 
NMR 29Si{1H} (60 MHz, C6D6, δ ppm): 
Major (80 %): 9.7 (d, 2JPSi = 3.4 Hz, Si(CH3)2). 
Minor (20 %): 9.9 (d, 2JPSi = 3.4 Hz, Si(CH3)2). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
Major (80 %): 0.23 (s, 3H, CH3Si), 0.27 (s, 3H, CH3Si), 1.14 (br, 1H, CH2bridge), 1.22 (d, 3JHH = 6.8 Hz, 3H, 
CH3iPr), 1.22 (br, 2H, CH2), 1.24 (s, 9H, CH3tBu), 1.25 (br, 2H, CH2), 1.26 (s, 9H, CH3tBu), 1.30 (d, 3H, 3JHH = 
6.8 Hz, CH3iPr), 1.47 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.52 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.56 (br, 1H, 
CH2bridge), 2.52 (s, 1H, CHbridgehead), 3.08 (s, 1H, CHbridgehead), 3.27 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.47 
(sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.12 (m, 1H, CHAr-meta), 7.16 (m, 2H, CHAr). 
Minor (20 %): 0.43 (s, 3H, CH3Si), 0.44 (s, 3H, CH3Si), 1.12 (s, 1H, CH2bridge), 1.22 (d, 3JHH = 6.8 Hz, 3H, 
CH3iPr), 1.24 (s, 9H, CH3tBu), 1.26 (s, 9H, CH3tBu), 1.28 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.32 (br, 2H, CH2), 
1.37 (br, 2H, CH2), 1.41 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.55 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.72 (m, 1H, 
CH2bridge), 2.41 (s, 1H, CHbridgehead), 3.03 (s, 1H, CHbridgehead), 3.15 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.70 
(sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.12 (m, 3H, CHAr). 
 
NMR 13C{1H} (100 MHz, C6D6, δ ppm): 
Major (80 %): 3.7 (d, 3JPC = 1.4 Hz, CH3Si), 5.4 (d, 3JPC = 4.2 Hz, CH3Si), 24.2 (s, CH3iPr), 24.6 (s, CH3iPr), 
25.3 (d, 4JPC = 1.4 Hz, CH2), 26.5 (s, CH3iPr), 27.6 (s, CH3iPr), 27.6 (s, CHiPr), 28.4 (s, CHiPr), 28.9 (d, 3JPC = 
1.6 Hz, CH2), 32.8 (s, CH3tBu), 32.9 (s, CH3tBu), 40.8 (d, 3JPC = 6.6 Hz, CHbridgehead), 44.1 (d, 2JPC = 12.1 Hz, 
CHbridgehead), 46.3 (d, 3JPC = 4.1 Hz, CH2bridge), 51.6 (s, CtBu), 51.6 (s, CtBu), 99.4 (dd, 1JPC = 27.6 Hz, 3JPC = 1.5 
Hz, C-P), 123.8 (s, CHAr), 123.9 (s, CHAr), 126.7 (CHAr), 138.8 (d, 3JPC = 2.3 Hz, CAr), 145.6 (s, CAr), 146.6 
(s, CAr), 183.4 (dd, 1JPC = 37.1 Hz, 3JPC = 1.3 Hz, P=C=O), 184.4 (d, 2JPC = 22.0 Hz, C-N). 
Minor (20 %): 3.8 (d, 3JPC = 1.4 Hz, CH3Si), 5.6 (d, 3JPC = 3.8 Hz, CH3Si), 23.8 (s, CH3iPr), 25.5 (s, CH2), 25.5 
(s, CH3iPr), 25.6 (s, CH3iPr), 26.5 (s, CH3iPr), 27.6 (s, CHiPr), 28.3 (s, CHiPr), 28.6 (d, 3JPC = 1.4 Hz, CH2), 31.8 
(s, CH3tBu), 31.9 (s, CH3tBu), 40.5 (d, 3JPC = 6.4 Hz, CHbridgehead), 43.5 (d, 2JPC = 13.4 Hz, CHbridgehead), 48.8 (d, 
3JPC = 5.6 Hz, CH2bridge), 51.2 (s, CtBu), 51.3 (s, CtBu), 101.2 (dd, 1JPC = 21.7 Hz, 3JPC = 1.9 Hz, C-P), 123.9 (s, 
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CHAr), 124.0 (s, CHAr), 126.8 (CHAr), 139.2 (s, CAr), 145.9 (s, CAr), 147.0 (s, CAr), 184.2 (dd, 1JPC = 18.8 Hz, 
3JPC = 2.8 Hz, P=C=O), 185.2 (d, 2JPC = 18.0 Hz, C-N). 
 
IR (Et2O):  
Major (80 %): 1920 cm-1 
Minor (20 %): 1960 cm-1 
 
UV (Toluene): 
Major (80 %): 349 nm 
Minor (20 %): 395 nm 
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Synthesis of germylene 4: 
 
P.M. = 516.23 g/mol 
 
The solution of P=C=O substituted germylene 3a (0.03 g, 0.06 mmol) in 0.5 mL of toluene was heated 
for 2 h at 100 ˚C. The solvent was evaporated under vacuum and the product 4 precipitates in 
pentane as yellow powder (0.02 g, yield = 67 %). 
 
NMR 31P{1H} (202 MHz, C6D6, δ ppm): 
Major (60 %): 46.8 (d, 2JPP = 6.2 Hz, CN=CP), -56.0 (d, 2JPP = 6.2 Hz, Ge-PH). 
Minor (40 %): 41.1 (s, CN=CP), -51.7 (s, Ge-PH). 
 
NMR 1H (500 MHz, C6D6, δ ppm): 
Major (60 %): 1.02 (m, 1H, CH2), 1.10 (m, 1H, CH2), 1.11 (m, 1H, CH2bridge), 1.20 (m, 1H, CH2-PH), 1.25 
(d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.27 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.30 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.30 (s, 
3H, CH3), 1.32 (s, 9H, CH3tBu), 1.35 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.36 (s, 3H, CH3), 1.39 (m, 1H, CH2), 
1.50 (m, 1H, CH2), 1.62 (m, 1H, CH2bridge), 1.71 (m, 1H, CH2-PH), 2.52 (s, 1H, CHbridgehead), 3.25 (s, 1H, 
CHbridgehead), 3.43 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.61 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 6.49 (d, 1JPH = 187.8 
Hz, 1H, P-H), 7.12 (m, 1H, CHm-Ar), 7.22 (m, 1H, CHm-Ar), 7.26 (m, 1H, CHp-Ar). 
Minor (40 %): 1.02 (m, 1H, CH2), 1.04 (m, 1H, CH2), 1.11 (m, 1H, CH2bridge), 1.19 (m, 1H, CH2), 1.20 (m, 
1H, CH2-PH), 1.21 (br, 6H, CH3iPr), 1.22 (br, 6H, CH3iPr), 1.30 (s, 3H, CH3), 1.34 (s, 9H, CH3tBu), 1.36 (s, 
3H, CH3), 1.50 (m, 1H, CH2), 1.62 (m, 1H, CH2bridge), 1.71 (m, 1H, CH2-PH), 2.34 (s, 1H, CHbridgehead), 2.85 
(s, 1H, CHbridgehead), 3.53 (br, 2H, CHiPr), 7.11 (m, 1H, CHm-Ar), 7.14 (m, 1H, CHm-Ar), 7.30 (m, 1H, CHp-Ar). 
7.41 (d, 1JPH = 185.6 Hz, 1H, P-H). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm): 
Major (60 %): 22.5 (s, CH3iPr), 24.8 (s, CH3iPr), 25.4 (d, 4JCP = 1.7 Hz, CH2), 25.8 (s, CH3iPr), 26.1 (s, CH3iPr), 
27.6 (s, CHiPr), 27.7 (s, CHiPr), 30.7 (s, CH3), 30.8 (s, CH3), 31.3 (s, CH3tBu), 39.0 (d, 1JCP = 8.9 Hz, CtBu), 
42.6 (d, 3JCP = 5.5 Hz, CHbridgehead), 45.8 (d, 2JCP = 7.1 Hz, CHbridgehead), 47.3 (d, 3JCP = 1.3 Hz, CH2), 48.2 
(dd, 1JCP = 40.9 Hz, 2JCP = 2.5 Hz, CH2-PH), 48.7 (d, 3JCP = 3.8 Hz, CH2bridge), 51.7 (d, 1JCP = 3.5 Hz, C(CH3)2), 
98.6 (d, 1JCP = 17.6 Hz, C-P), 121.7 (s, CHp-Ar), 123.4 (CHm-Ar), 123.6 (s, CHm-Ar), 140.9 (s, CAr), 146.5 (s, 
CAr), 147.9 (s, CAr), 167.3 (d, 2JCP = 24.6 Hz, C-N). 
Minor (40 %): 22.4 (s, CH3iPr), 22.4 (s, CH3iPr), 24.4 (s, CH3iPr), 24.8 (s, CH3iPr), 25.3 (s, CH2), 28.5 (s, 
CHiPr), 28.5 (s, CHiPr), 30.3 (s, CH3), 30.4 (s, CH3), 31.4 (s, CH3tBu), 40.3 (d, 1JCP = 8.3 Hz, CtBu), 42.9 (d, 3JCP 
= 4.8 Hz, CHbridgehead), 44.2 (d, 2JCP = 11.1 Hz, CHbridgehead), 47.3 (d, 3JCP = 1.3 Hz, CH2), 48.2 (dd, 1JCP = 40.9 
Hz, 2JCP = 2.5 Hz, CH2-PH), 48.7 (d, 3JCP = 3.8 Hz, CH2bridge), 50.0 (d, 1JCP = 4.4 Hz, C(CH3)2), 81.1 (d, 1JCP = 
40.4 Hz, C-P), 121.5 (s, CHp-Ar), 123.3 (CHm-Ar), 124.1 (s, CHm-Ar), 136.9 (s, CAr), 147.0 (s, CAr), 147.6 (s, 
CAr), 181.7 (d, 2JCP = 17.6 Hz, C-N). 
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Synthesis of dimer 5: 
 
P.M. = 1032.45 g/mol 
 
The solution of P=C=O substituted germylene 3a (0.03 g, 0.06 mmol) in 0.5 mL of toluene was heated 
for 2 h at 100 ˚C. Dimer 5 directly crystallizes at room temperature in a concentrated solution of 
toluene, as small yellow crystals (0.02 g, yield = 35 %). 
 
NMR 31P{1H} (202 MHz, C6D6, δ ppm): 
10.4 (d, 2JPP = 78.3 Hz, Ge-P-Ge), 79.4 (d, 2JPP = 78.3 Hz, CN=CP). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
1.02 (m, 1H, CH2), 1.10 (m, 1H, CH2), 1.11 (m, 1H, CH2bridge), 1.20 (m, 1H, CH2-PH), 1.25 (d, 3JHH = 6.9 
Hz, 3H, CH3iPr), 1.27 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.30 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.30 (s, 3H, CH3), 
1.32 (s, 9H, CH3tBu), 1.35 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.36 (s, 3H, CH3), 1.39 (m, 1H, CH2), 1.50 (m, 1H, 
CH2), 1.62 (m, 1H, CH2bridge), 1.71 (m, 1H, CH2-PH), 2.52 (s, 1H, CHbridgehead), 3.25 (s, 1H, CHbridgehead), 
3.43 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.61 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 6.49 (d, 1JPH = 187.8 Hz, 1H, P-
H), 7.12 (m, 1H, CHm-Ar), 7.22 (m, 1H, CHm-Ar), 7.26 (m, 1H, CHp-Ar). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm): 
22.5 (s, CH3iPr), 24.8 (s, CH3iPr), 25.4 (d, 4JCP = 1.7 Hz, CH2), 25.8 (s, CH3iPr), 26.1 (s, CH3iPr), 27.6 (s, CHiPr), 
27.7 (s, CHiPr), 30.7 (s, CH3), 30.8 (s, CH3), 31.3 (s, CH3tBu), 39.0 (d, 1JCP = 8.9 Hz, CtBu), 42.6 (d, 3JCP = 5.5 
Hz, CHbridgehead), 45.8 (d, 2JCP = 7.1 Hz, CHbridgehead), 47.3 (d, 3JCP = 1.3 Hz, CH2), 48.2 (dd, 1JCP = 40.9 Hz, 
2JCP = 2.5 Hz, CH2-PH), 48.7 (d, 3JCP = 3.8 Hz, CH2bridge), 51.7 (d, 1JCP = 3.5 Hz, C(CH3)2), 98.6 (d, 1JCP = 17.6 
Hz, C-P), 121.7 (s, CHp-Ar), 123.4 (CHm-Ar), 123.6 (s, CHm-Ar), 140.9 (s, CAr), 146.5 (s, CAr), 147.9 (s, CAr), 
167.3 (d, 2JCP = 24.6 Hz, C-N). 
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Synthesis of 6: 
 
P.M. = 544.24 g/mol 
 
The solution of P=C=O substituted germylene 3b (0.03 g, xx mmol) in 0.5 mL of toluene was 
heated at 100 ˚C for 30 min. After evaporation of the solvent under vacuum, product 6 is obtained as 
dark yellow-brown oily solid (12 mg, yield = 40 %). 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
126.6 (d, 2JPP = 140.5 Hz, Ge-P), 172.7 (d, 2JPP = 140.5 Hz, Ge=P). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
0.99 (d, 3JHH = 6.6 Hz, 6H, CH3iPr), 1.08 (d, 3JHH = 6.6 Hz, 3H, CH3iPr), 1.12 (d, 3JHH = 6.9 Hz, 6H, NCH3iPr), 
1.20 (d, 3JHH = 6.9 Hz, 3H, NCH3iPr), 1.23 (d, 3JHH = 6.6 Hz, 3H, CH3iPr), 1.23 (m, 1H, CH2), 1.31 (d, 3JHH = 
6.9 Hz, 3H, NCH3iPr), 1.39 (m, 2H, CH2), 1.50 (m, 2H, CH2), 1.81 (m, 1H, CH2), 2.45 (m, 1H, NCH2), 2.62 
(s, 1H, CHbridgehead), 2.74 (m, 1H, NCH2), 2.85 (m, 1H, NCH2), 2.96 (s, 1H, CHbridgehead), 3.27 (m, 1H, 
NCH2), 3.27 (sept, 3JHH= 6.6 Hz, 2H, CHiPr), 3.56 (sept, 3JHH = 6.9 Hz, 2H, NCHiPr), 7.08 (m, 1H, CHp-Ar), 
7.10 (m, 2H, CHm-Ar). 
 
NMR 13C{1H} (75 MHz, C6D6, δ ppm): 
21.1 (s, CH3iPr), 21.2 (s, CH3iPr), 22.9 (s, NCH3iPr), 23.6 (s, CH3iPr), 24.4 (d, 2JCP = 12.6 Hz, CH2), 25.2 (s, 
CH3iPr), 25.8 (d, 3JCP = 3.1 Hz, NCH3iPr), 26.3 (d, 2JCP = 3.9 Hz, CH2), 27.9 (d, 3JCP = 1.2 Hz, NCH3iPr), 40.6 (d, 
2JCP = 9.2 Hz, NCH2), 41.2 (s, NCHiPr), 41.2 (d, 3JCP = 3.7 Hz, CHbridgehead), 45.4 (d, 3JCP = 9.8 Hz, CH2bridge), 
45.6 (d, 2JCP = 6.0 Hz, CHbridgehead), 45.7 (s, CHiPr), 50.6 (s, NCH2), 123.3 (s, CHm-Ar), 123.8 (s, CHp-Ar), 135.9 
(s, CAr), 136.2 (s, CAr), 137.5 (s, CAr), 146.9 (dd, 1JCP = 72.6 Hz, 3JCP = 1.9 Hz, C-P), 180.0 (d, 2JCP = 6.7 Hz, 
C-N). 
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Synthesis of heterocyclic germylene 7: 
 
P.M. = 602.40 g/mol 
 
The solution of P=C=O substituted germylene 3c (0.03 g, 0.05 mmol) in 0.5 mL of toluene was heated 
at 100 ˚C for 6 h and 40 min at 130 ˚C. Then, all the volatiles were removed under vacuum and the 
brown residue was solubilized in n-heptane. Pale yellow crystals of germylene 7 were obtained from 
a concentrated n-heptane solution at -30 ˚C (0.012 g, yield = 40 %). 
HRMS (DCI-CH4) exact mass calcd for [C29H49N3P2SiGe]+, 603.2389; found, 603.2393. 
 
NMR 31P{1H} (121 MHz, C6D6, δ ppm): 
52.4 (d, 1JPP = 550.6 Hz, CN=CP), 111.1 (d, 1JPP = 550.6 Hz, Ge=P). 
 
NMR 29Si{1H} (60 MHz, C6D6, δ ppm): 
5.7 (s, Si(CH3)2). 
 
NMR 1H (300 MHz, C6D6, δ ppm): 
0.29 (s, 3H, SiCH3), 0.34 (s, 3H, SiCH3), 1.10 (m, 1H, CH2bridge), 1.19 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.20 (m, 
1H, CH2), 1.20 (s, 9H, CH3tBu), 1.20 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.24 (d, 3JHH = 7.0 Hz, 3H, CH3iPr), 1.27 
(d, 3JHH = 7.0 Hz, 3H, CH3iPr), 1.30 (s, 9H, CH3tBu), 1.47 (m, 1H, CH2bridge), 1.55 (m, 1H, CH2), 1.70 (m, 2H, 
CH2), 2.73 (s, 1H, CHbridgehead), 3.06 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.40 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 
3.40 (s, 1H, CHbridgehead), 7.13 (m, 2H, CHAr-meta), 7.16 (m, 1H, CHAr-para). 
 
NMR 13C{1H} (100 MHz, C6D6, δ ppm): 
4.1 (s, SiCH3), 4.7 (s, SiCH3), 22.9 (s, CH3iPr), 23.3 (s, CH3iPr), 25.4 (s, CH3iPr), 25.6 (s, CH3iPr), 25.6 (d, 3JPC = 
1.4 Hz, CH2), 27.7 (s, CHiPr), 27.9 (s, CHiPr), 28.2 (s, CH2), 32.0 (dd, 3JPC = 5.5 Hz, 4JPC = 2.1 Hz, CH3tBu), 
32.4 (dd, 3JPC = 5.4 Hz, 4JPC = 2.6 Hz, CH3tBu), 44.6 (d, 2JPC = 3.3 Hz, CHbridgehead), 46.1 (d, 3JPC = 8.2 Hz, 
CH2bridge), 48.1 (d, 3JPC = 8.2 Hz, CHbridgehead), 52.2 (s, CtBu), 52.4 (s, CtBu), 100.1 (dd, 1JPC = 96.2 Hz, 2JPC = 
8.4 Hz, C-P), 123.5 (s, CHAr-meta), 123.5 (s, CHAr-meta), 127.0 (s, CHAr-para), 144.7 (s, CAr), 146.2 (s, CAr), 
174.3 (dd, 2JPC = 10.5 Hz, 3JPC = 3.7 Hz, C-N). 
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Synthesis of dimer 8: 
 
P.M. = 1204.79 g/mol 
 
A solution of P=C=O substituted germylene 3c (0.03 g, 0.05 mmol) in toluene (0.5 mL) was heated at 
100 ˚C. After 3 h, all the volatiles were removed under vacuum and n-heptane was added. The 
solution was filtrated with cannula. Dimer 8 was obtained as colourless crystals plats from a 
concentrated n-heptane solution at room temperature (0.04 g, 60 %). 
 
NMR 31P{1H} (201 MHz, d7-Toluene, δ ppm): 
1’ (Major, 47 %): 86.6 (ddd, 2JPP = 14.0/ 9.3 Hz, 3JPP = 199.3/ 204.8 Hz, 4JPP = 78.0/ 73.0 Hz, Pd), 68.2 
(ddd, 1JPP = 499.7/ 494.7 Hz, 2JPP = 43.7/ 38.0 Hz, 4JPP = 78.0/ 73.0 Hz, Pa), -177.2 (ddd, 1JPP = 499.7/ 
494.7 Hz, 1JPP = 155.0 Hz, 3JPP = 199.3/ 204.8 Hz, Pb), -180.1 (ddd, 1JPP = 155.0 Hz, 2JPP = 43.7/ 38.0 Hz, 
2JPP = 14.0/ 9.3 Hz, Pc). 
2’ (42 %): 94.0 (dd, 2JPP = 50.6 Hz, 4JPP = 2.6 Hz, Pd), 74.0 (ddd, 1JPP = 520.0 Hz, 2JPP = 50.6 Hz, 4JPP = 2.6 
Hz, Pa), -178.0 (ddd, 1JPP = 520.0 Hz, 1JPP = 172.0 Hz, 3JPP = 13.3 Hz, Pb), -194.0 (dd, 1JPP = 172.0 Hz, 2JPP = 
50.6 Hz, Pc). 
3’ (8 %): Pd was not observed, 62.9 (dd, 1JPP = 429.3 Hz, 2JPP = 89.3 Hz, Pa), -185.7 (dd, 1JPP = 429.3 Hz, 
1JPP = 118.4 Hz, Pb), -217.7 (dd, 1JPP = 118.4 Hz, 2JPP = 89.3 Hz, Pc). 
4’ (minor, 3 %): 87.7 (ddd, 2JPP = 13.3 Hz, 3JPP = 116.5 Hz, 4JPP = 38.3 Hz, Pd), 62.5 (ddd, 1JPP = 497.3 Hz, 
2JPP = 70.3 Hz, 4JPP = 38.3 Hz, Pa), -189.5 (ddd, 1JPP = 497.3 Hz, 1JPP = 132.3 Hz, 3JPP = 116.5 Hz, Pb), -
180.2 (ddd, 1JPP = 132.3 Hz, 2JPP = 70.3 Hz, 2JPP = 13.3 Hz, Pc). 
 
NMR 1H (500 MHz, C6D6, δ ppm, 2’): 
0.36 (s, 3H, SiCH3), 0.39 (s, 3H, SiCH3), 0.41 (s, 3H, SiCH3), 0.56 (s, 3H, SiCH3), 1.11 (m, 1H, CH2bridge), 
1.32 (s, 9H, CH3tBu), 1.34 (s, 9H, CH3tBu), 1.34 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.34 (d, 3JHH = 6.8 Hz, 3H, 
CH3iPr), 1.35 (m, 1H, CH2bridge), 1.37 (m, 2H, CH2), 1.37 (m, 2H, CH2), 1.43 (m, 1H, CH2), 1.47 (d, 3JHH = 
6.9 Hz, 3H, CH3iPr), 1.50 (m, 1H, CH2), 1.54 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.55 (s, 9H, CH3tBu), 1.63 (m, 1H, 
CH2bridge), 1.64 (s, 9H, CH3tBu), 1.73 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.84 (m, 1H, CH2bridge), 1.85 (d, 3JHH = 6.8 
Hz, 3H, CH3iPr), 1.87 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.88 (m, 2H, CH2), 1.89 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 
2.68 (s, 1H, CHbridgehead), 2.74 (s, 1H, CHbridgehead), 3.23 (s, 1H, CHbridgehead), 3.32 (s, 1H, CHbridgehead), 3.43 
(sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.79 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.79 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 
4.00 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 7.13- 7.17 (m, 6H, CHAr). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm, 2’): 
3.8 (s, SiCH3), 4.5 (s, SiCH3), 4.7 (s, SiCH3), 5.3 (s, SiCH3), 23.8 (s, CH3iPr), 24.9 (s, CH3iPr), 25.3 (s, CH3iPr), 
25.3 (s, CH3iPr), 25.4 (s, CH3iPr), 25.4 (s, CH2), 25.8 (s, CH2), 25.8 (s, CH3iPr), 27.3 (s, CHiPr), 27.6 (s, CHiPr), 
27.8 (s, CHiPr), 28.0 (s, CHiPr), 28.9 (s, CH2), 29.2 (s, CH2), 29.9 (s, CH3iPr), 33.2 (s, CH3iPr), 32.3 (s, CH3tBu), 
33.1 (s, CH3tBu), 32.9 (s, CH3tBu), 32.9 (s, CH3tBu), 41.1 (d, 3JPC = 6.0 Hz, CHbridgehead), 43.8 (d, 3JPC = 11.1 
Hz, CHbridgehead), 44.2 (d, 3JPC = Hz, CHbridgehead), 45.4 (d, 3JPC = 8.5 Hz, CH2bridge), 46.5 (d, 3JPC = 3.1 Hz, 
CH2bridge), 47.9 (d, 3JPC = 11.3 Hz, CHbridgehead), 50.9 (s, CtBu), 51.6 (s, CtBu), 51.8 (s, CtBu), 52.2 (s, CtBu), 89.9  
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(d, 1JPC = 20.3 Hz, C-P), 101.7 (dd, 1JPC = 92.7 Hz, 2JPC = 12.3 Hz, C-P), 123.5 (s, CHAr-meta), 123.6 (s, CHAr-
meta), 124.0 (s, CHAr-meta), 124.1 (s, CHAr-meta), 125.6 (s, CHAr-para), 126.0 (s, CHAr-para), 142.0 (s, CAr), 142.9 
(s, CAr), 144.8 (s, CAr), 145.8 (s, CAr), 145.9 (s, CAr), 147.6 (s, CAr), 177.4 (d, 2JPC = 15.7 Hz, C-N), 179.4 (d, 
2JPC = 36.0 Hz, C-N). 
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I. Introduction 
 
Among the isolable germylenes, amino-substituted germylenes present a remarkable stability due 
to the π-donation of the nitrogen lone pair into the vacant p-orbital (n → p interaction) (figure 1). In 
addition, the σ-acceptor character of the electronegative nitrogen atom stabilizes the lone pair 
orbital (σ-symmetry) on the germylene centre. As a consequence, amino substituted germylenes 
present a large energy gap between these two filled- and vacant orbitals on the Ge atom, stabilizing 
the singlet ground state. 
 
 
Figure 1. π-donation of amino group into the p-empty orbital of the germylene 
 
Therefore, the presence of one amino substituent increases the singlet-triplet energy gap (ΔES-T).[1] 
This effect is amplified by the introduction of a second amino group on the germanium centre (table 
1). 
 
 
 
Compound 
 
 
 
 
 
  
ΔEST (kcal/mol) 21.42 36.40 54.67 59.15 
EHOMO (eV) -5.96  -6.73 -5.23 
ELUMO (eV) -2.53  -1.10 -1.08 
Table 1. Calculated singlet-triplet energy gap (ΔEST) for different germylenes 
 
The peculiar effect of amino substituents on the stability and reactivity of germylenes was clearly 
demonstrated by different behaviour of alkyl- or aryl-germylenes, mono-amino germylenes and 
NHGe’s towards small molecules. 
As expected, non-stabilized dialkyl-germylenes, which are known to be highly reactive, present a 
strong tendency to dimerize. To prevent dimerization it is necessary to introduce a kinetic 
stabilization using bulky substituents (examples described in figure 2).[2,3] 
 
 
Figure 2. Kinetic stabilization of dialkyl-germylenes using bulky ligands 
 
The highly reactivity of dialkyl-germylenes has been demonstrated by reaction with small 
molecules, such as ethylene or dihydrogen. For example, (Dis)2Ge: reacts with ethylene at room 
temperature to afford a 1,2-digermacyclobutane via a germirane intermediate (scheme 1).[4] 
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Scheme 1. Synthesis of a 1,2-digermacyclobutane 
 
Power and co-workers demonstrated that a stable diarylgermylene readily reacts with H2 or NH3 
via a germylene insertion into H-H or N-H bonds, to give the corresponding tetravalent germane 
derivatives in relatively mild conditions (scheme 2).[5] 
 
 
Scheme 2. Activation of H2 and NH3 by a stable diarylgermylene 
 
Mono-amino germylenes remain highly reactive and easily dimerize. Indeed, in spite of the 
enhanced steric protection afforded by the bulky silyl group, the transient mono-amino germylene, 
obtained by insertion of silylene into the Ge-N bond of a cyclic diamino-germylene, readily dimerizes 
to give the corresponding digermene (scheme 3).[6] 
 
 
Scheme 3. Dimerization of a mono-amino substituted germylene 
 
Recently, Jones and co-workers reported the synthesis of a 1,2-dihydrogenogermene featuring 
extremely bulky amino substituents. Of particular interest, this digermene reversible dissociates at 
room temperature into an amino-hydrogenogermylene in solution. These highly reactive species 
immediately reacts with unactivated alkenes and alkynes, to afford the first stable alkyl- or vinyl- 
substituted mono-amino germylenes, via hydrogermylation reactions (scheme 4).[7] Interestingly, in 
the case of cycloalkane hydrogermylations, the reactions were shown to be cleanly reversible under 
ambient conditions. 
Chapter III. Reactivity of an amino(phosphanylidene-σ4-phosphorane) germylene  
121 
 
 
Scheme 4. Hydrogermylation of unactivated alkenes and alkynes 
 
The stable alkylamino germylene, reacts with ammonia, alcohols (via insertion into the E-H bond, 
E = NH2, RO) or O2 yielding a dimer of the corresponding germanone (scheme 5). In contrast, neither 
aminohydrogeno germylene nor the alkylamino germylene react with H2, R2B-H or silanes. 
 
 
Scheme 5. Reactivity of alkylamino germylenes 
 
 
Reactivity of Diamino-germylenes 
The field of the heavier analogues of N-heterocyclic carbenes has been an active area of research 
in the last decades. The first four-membered cyclic diamino-germylene was reported by Veith and co-
workers in 1982,[8] while the heavier analogues of NHCs, the N-heterocyclic germylenes (NHGes) 
were prepared in 1985 by Meller & Gräbe (imidazole series),[9] and Herrmann, in 1992 (saturated and 
unsaturated)[10] (figure 3). 
 
 
Figure 3. First examples of stable cyclic diamino-germylenes 
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Diamino-germylenes are stable even with little steric hindrance, and therefore they are easy to 
manipulate. Nevertheless, they are poorly reactive and only few examples of reactions with diamino-
germylenes are reported in the literature. 
One of the most frequently used trapping reactions of reactive germylenes is the formal [4+1] 
chelatropic addition of conjugated dienes, which affords the corresponding germacyclopent-3-ene 
derivative in high yields.[11] In 1973, Satgé and Dousse used 2,3-dimethyl-1,3-butadiene to trap, in 
situ, a diamino-germylene generated by reduction of the corresponding dichloro-germane with 
Bu3Sn-H.[12] In spite of the small methyl substituents on nitrogen atoms, this cycloaddition reaction is 
slow and takes 14 hours to complete, even at high temperature (120 ˚C) (scheme 6). More recently, 
Dostál and Růžička have reported that a highly reactive NHGe with a 4π-electron system reacts with 
dimethyl-butadiene at room temperature in one day (left in scheme 6).[13] 
 
 
Scheme 6. Trapping reaction of diamino-germylenes with 2,3-dimethyl-1,3-butadiene 
 
Related [4 + 1] cycloaddition reactions using 1,2-ketones or di-allenes as trapping agents, have 
been also described in the literature (scheme 7).[14] It is also possible to oxidize the germylene centre 
by reaction with chalcogen sources, such as Me3NO or S8.[15] However, the heavier analogues of 
ketones are not stable enough and dimerize, leading to the formation of centrosymmetric dimers 
with Ge2E2 cores (E = O, S) (scheme 7). 
 
 
Scheme 7. Reactivity of N-heterocyclic germylenes 
 
Due to their thermodynamic stabilization and therefore large singlet-triplet energy gap (table 1), 
NHGes do not react with small molecules, such as H2 or silanes.[16] 
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The reactivity of N-heterocyclic germylenes can be enhanced by twisting their cyclic backbone to 
make the π-donation of the amino groups less efficient. Mochida and co-workers reported the 
synthesis of a seven-membered cyclic diamino-germylene with a twisted conformation, due to the p-
methyl substituted diaryl backbone. Indeed, this germylene is highly electrophilic and forms a 1,3-
dipolar intermediate after reaction with benzaldehyde, which successively reacts with another 
equivalent of benzaldehyde or an isocyanide, leading to the formation of a five- or four-membered 
cyclic derivatives, respectively (scheme 8). 
 
 
Scheme 8. Reactivity of a seven-membered cyclic diamino-germylene 
 
As a particular case, amphiphilic N-heterocyclic germylenes react with polarized E-H bonds of 
ammonia and water (E = NH2, OH) at room temperature, by 1,4-addition, to afford a donor-stabilized 
germylene (scheme 9).[17,18] 
 
 
Scheme 9. Insertion of diamino-germylenes into σ-bonds 
 
N-heterocyclic germylenes can act as neutral ligands for transition metals. However, probably due 
to the instability of germanium compounds with a trigonal planar geometry and their high reactivity 
towards polarized M-X bond, there are only few examples of stable complexes. Moreover, they are 
poor σ-donor and good π-acceptors, which explains why only complexes with strong π-donor 
transition metals have been described in the literature.[19,20] Some of this NHGe-transition metal 
complexes are represented in figure 4. 
 
Figure 4. Examples of NHGe transition metal complexes 
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Five-membered N-heterocyclic germylenes have been also found to be useful starting materials in 
polymerization chemistry as well as in material chemistry. There are several examples of oxidation-
reduction copolymerization of diamino germylenes in the literature.[21] NHGes have also been used 
as starting material for chemical vapor deposition (CVD).[22] 
 
 
Objective of this work 
Bulky amino groups are very efficient substituents to stabilized germylenes. However, the 
presence of two amino groups significantly decreases the reactivity of the corresponding germylene 
centre. Obviously, the choice of the two substituents strongly affects the stability and the reactivity 
of the germylene. 
In the previous chapter, we have described the synthesis of a new stable P,N-heterocyclic 
germylene 7, which is well stabilized by the phosphanylidene-phosphorane fragment (figure 5). DFT 
calculations have also shown that the P,N-heterocyclic germylene 7 presents a smaller HOMO-LUMO 
energy gap than classical N-heterocyclic diamino-germylenes, making it more reactive. This chapter 
will be devoted to the study of the reactivity and coordination ability of this new P,N-heterocyclic 
germylene 7. 
 
 
Figure 5. P,N-heterocyclic germylene 7 
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II. Results and discussion 
 
Reactivity of amino(phosphanylidene-σ4-phosphorane) germylene 7 
A. [4 + 1] cycloaddition reactions 
 A.1. Reaction with 2,3-dimethyl-1,3-butadiene 
P, N-heterocyclic germylene 7 smoothly reacts with 2,3-dimethyl-1,3-butadiene, in toluene at 
room temperature, to afford the corresponding cycloadduct 9. As expected, the germylene 7 is more 
reactive than other cyclic diamino-germylenes (see introduction of this chapter), and the reaction 
completes in 3 hours at room temperature, as indicated by disappearance of the signals of the 
starting material 7 in the 31P{1H}-NMR spectrum (scheme 10). 
 
 
Scheme 10. [4 + 1] cycloaddition reaction with 2,3-dimethyl-1,3-butadiene 
 
In the 31P{1H}-NMR spectrum, an AX-system with a large P-P coupling constant was observed (0δ = 
66.7 ppm and -211.1 ppm, 1JPP = 489.2 Hz). Interestingly, the chemical shift for the dicoordinated 
phosphorus atom is dramatically shifted to high field compared to the case of germylene 7 (δ = -
211.1 ppm vs. 111.1 ppm in 7), appearing now in the region expected for the dicoordinated 
phosphorus atoms of phosphanylidene-phosphoranes (δ = -158 - -115 ppm).[23–29] Moreover, in the 
13C{1H}-NMR spectrum two new doublets corresponding to the two CH2 bonded to the germanium (δ 
= 29.9 ppm and 38.6 ppm, with 2JPC = 16.5 and 10.7 Hz, respectively) are observed in a similar region 
to those observed for the previously reported germylene-dimethylbutadiene cycloadducts (δ = 32.7 
ppm).[14] The protons of these CH2-fragment appears around 2.2 - 2.46 ppm in the 1H-NMR spectrum, 
showing a large coupling with the P(I) atom (3JPH = 16.1 Hz). 
Due to the high solubility of compound 9 in classical organic solvents, suitable crystals for X-ray 
diffraction analysis could not be grown. 
 
 A.2. Reaction with 3,5-di-tert-butyl-o-benzoquinone. 
 
Scheme 11. [4 + 1] cycloaddition reaction with 3,5-di-tert-butyl-o-benzoquinone 
 
P,N-heterocyclic germylene 7 spontaneously reacts with 3,5-di-tert-butyl-o-benzoquinone in 
toluene at room temperature, via [4 + 1] cycloaddition, to give the corresponding cycloadduct 10. 
The product was obtained as pale yellow crystals at room temperature, directly from the reaction 
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mixture, in 51 % yield. Due to the unsymmetrical nature of the o-benzoquinone used, the product is 
obtained as mixture of two diastereoisomers in [65: 35] ratio (scheme 11). 
Similar [4 + 1] cycloadducts of four-membered cyclic diamino-germylene with 1,2-diketones or 
1,2-benzoquinones, have been described by Steinhoff and co-workers (scheme 12).[14] 
 
Scheme 12. [4 + 1] cycloaddition reactions with 1,2-diketones 
 
As in the previous case, the 31P{1H}-NMR spectrum displays an AX-system with a large P-P coupling 
constant (see table 2). Like in the cycloadduct 9, the signal of the dicoordinated phosphorus atom 
appears at higher field compared to that in germylene 7 (δ = -189 ppm vs. 111.1 ppm in 7).[23–29] 
 
31P{1H} NMR Major (65 %) Minor (35 %) 
δ (ppm) 63.9 / -189.1 64.4 / -188.4 
1JPP (Hz) 444.1 443.7 
Table 2. 31P{1H} NMR chemical shifts of compound 10 
 
,  
Figure 6. Molecular structure of 10 (only one diastereoisomer is represented. Hydrogen atoms are 
omitted for clarity) 
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Distances [Å] Angles [˚] 
Ge1-N1 1.862(19) O1-Ge1-O2 91.3(7) 
Ge1-O1 1.802(15) N1-Ge1-O1 104.6(8) 
Ge1-O2 1.820(16) N1-Ge1-P1 117.3(6) 
Ge1-P1 2.218(6) P1-Ge1-O2 116.7(5) 
P1-P2 2.104(8) P2-P1-Ge1 95.2(3) 
P2-C1 1.752(2) C1-P2-P1 114.9(8) 
C1-C2 1.361(3) C2-N1-Ge1 118.3(8) 
C2-N1 1.374(3)   
Table 3. Bond distances and angles chosen for compound 10 
 
The molecular structure of compound 10 was confirmed by X-ray diffraction analysis (figure 
6).The Ge1-O1 and Ge1-O2 bond distances (1.802 and 1.820 Å) are in the range of germanium-
oxygen single bonds (1.767 - 1.820 Å).[30] The Ge1-P1 bond length (2.218 Å) is significantly shorter 
than the previously reported Ge(II)-P distances (ca. 2.380 Å),[31] and this value is very similar to the 
bond distance observed in bisphosphino-germylenes (2.234 Å) presenting a trigonal planar 
phosphorus atom.[32] 
Of particular interest, both Ge1-N1 (1.862 Å) and Ge1-P1 single bonds (2.218 Å) are even shorter 
than those of germylene 7 with certain multiple bond character (1.918 and 2.247 Å, respectively), 
probably attributed to a significantly increased s-character of these bonds upon the reaction of the 
Ge(II) atom with benzoquinone. A similar phenomenon has also been observed in case of 
cycloaddition reactions of N-heterocyclic germylenes with conjugated dimethyl-butadienes (Ge-N = 
1.897 Å before reaction vs. Ge-N = 1.848 Å after the reaction).[13] 
 
B. Reaction with trimethylsilyl-azide. 
P,N-heterocyclic germylene 7 reacts with two equivalents of TMS-N3 at -80 ˚C, leading to the 
formation of the azidogermane 11, which is stable at room temperature. The product has been 
isolated as pale yellow crystals at room temperature, from a concentrated toluene solution at room 
temperature, in 58 % yield (scheme 13). Due to presence of two elements of chirality, the 
germanium atom and the asymmetric bicyclic fragment, compound 11 was obtained as a mixture of 
two diastereoisomers in a [85: 15] ratio. 
 
 
Scheme 13. Reaction of the heterocyclic germylene 7 with TMS-N3 
 
In the 31P{1H}-NMR spectrum, a similar spectral pattern to those of structurally similar compounds 
9, 10, was observed (AX-system, table 4). In the 29Si{1H}-NMR spectrum, two signals for each 
diastereoisomer (between 4.0 and 6.0 ppm) were observed in the normal range for trimethylsilyl-
groups.[33] 
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31P{1H} NMR Major (85 %) Minor (15 %) 
δ (ppm) 60.0 / -175.7 60.4 / -175.1 
1JPP (Hz) 473.2 460.8 
Table 4. 31P{1H}-NMR chemical shifts of compound 11 
 
The presence of the azide moiety was confirmed by IR spectroscopy. Two intense stretching 
bands, one for each diastereoisomer (νasym = 2106.2 cm-1 and 2150.4 cm-1), were observed in the 
typical range of azide derivatives (2000 - 2500 cm-1).[34] 
The molecular structure of 11 was confirmed by X-ray diffraction analysis (figure 7). The structure 
clearly confirms the presence of bis(trimethylsilyl)amino and azide groups on the germanium atom. 
 
 
Distances [Å] Angles [˚] 
Ge1-N1 1.889(17) N7-Ge1-N4 99.7(9) 
Ge1-N7 1.861(18) N4-Ge1-P1 110.3(6) 
Ge1-N4 1.902(19) N1-Ge1-N7 113.3(8) 
N4-N5 1.218(3) N1-Ge1-P1 116.9(5) 
N5-N6 1.140(3) Ge1-P1-P2 100.8(3) 
Ge1-P1 2.239(6) P1-P2-C1 114.3(6) 
P1-P2 2.093(8) C2-N1-Ge1 120.7(14) 
P2-C1 1.756(2) N4-N5-N6 174.7(2) 
C1-C2 1.369(3)   
C2-N1 1.370(3)   
Figure 7. Molecular structure of 11 (only one diastereoisomer is represented. Hydrogen atoms are omitted 
for clarity), and selected bond distances and angles 
 
The three Ge1-N bond distances are similar (Ge1-N1 = 1.889 Å, Ge1-N4 = 1.902 Å and Ge1-N7 = 
1.861 Å), and in the range of Ge-N single bonds (1.813 - 2.030 Å).[35,36] The azido group presents a 
linear geometry (174.7 ˚) with typical N-N bond lengths (N4-N5 = 1.218 and N5-N6 = 1.140 Å) for an 
azide function (1.220 and 1.137 Å).[37] The Ge1-P1 (2.239 Å) and the P1-P2 (2.093 Å) bond distances 
are similar to those observed for compound 10. 
The formation of compound 11 probably can be explained by the reaction of 7 with one 
equivalent of TMS-N3, leading to the transient formation of a germa-imine 11’, after elimination of 
N2. Then, a 1,2-addition of TMS-N3 to the germa-imine function, afford the germane-azide 11 
(scheme 14). 
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Scheme 14. Possible mechanism of formation of 11 
 
In the case of classical NHGes, the highly reactive transient germa-imine usually dimerizes to form 
a Ge-N four-membered ring (top reaction in scheme 15);[38] or reacts with a second equivalent of 
azide, via a [2 + 3] cycloaddition, to give a tetraazagermole (bottom reaction in scheme 15).[38] 
 
 
Scheme 15. Classical reaction of NHGes with TMS-N3 
 
The observed difference in reactivity between germylene 7 and classical NHGes towards azides 
could be rationalized by the enhanced polarization of the Ge=N bond in intermediate 11’ towards the 
N atom, due to the strong π-donating phosphanylidene-phosphorane fragment, which favours the 
1,2-addition vs. the 1,3-dipolar cycloaddition reaction. 
 
C. Reaction with nitrous oxide. 
Compounds with multiple bonds between group 14 and group 16 (heavier analogue of ketones) 
are known.[39] They are generally formed by reaction between the low valent group 14 species and a 
chalcogen source. Nitrous oxide acts as a mono-oxygen source and can supply the oxygen to the low 
valent metal centre to generate tetrel-oxygen compounds.[40,41] Following this strategy, the oxidation 
of the P,N-heterocyclic germylene 7 was carried out at room temperature using N2O as an oxidation 
reagent. However, the expected germanone was not observed and the corresponding Ge2O2 dimer 
12 was obtained (scheme 16). Due to the presence of the asymmetric bicyclic fragment in the ligand, 
the product was obtained as a mixture of two diastereoisomers in a [55 : 45] ratio. 
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Scheme 16. Reaction of germylene 7 with N2O 
 
In the 31P{1H}-NMR spectrum, an AX-system is observed for each diasteroisomer with a large JPP-
coupling constant (δ = -168.3 / -163.0 (PII) and 33.4 / 34.0 ppm (PIV), 1JPP = 433.4 and 429.5 Hz), 
similarly to the spectral patterns obtained for the structurally similar compounds (9, 10 and 11) 
previously described. Dimer 12 was isolated as yellow crystals from a concentrated toluene solution 
at room temperature in a 35 % yield (figure 8). 
 
 
Figure 8. Molecular structure of 12 (only one diasteroisomer is represented. Hydrogen atoms are omitted 
for clarity). 
 
Distances [Å] Angles [˚] 
Ge1-O1 1.804(10) Ge1-O1-Ge1 93.5(5) 
Ge1-O1 1.818(11) O1-Ge1-O1 86.5(5) 
Ge1-N1 1.882(12) N1-Ge1-O1 108.0(5) 
Ge1-P1 2.228(4) N1-Ge1-O1 105.3(5) 
P1-P2 2.099(6) P1-Ge1-O1 115.5(4) 
P2-C1 1.747(2) P1-Ge1-O1 121.2(4) 
C1-C2 1.384(2) N1-Ge1-P1 116.2(4) 
C2-N1 1.362(19) Ge1-P1-P2 96.5(2) 
  C1-P2-P1 114.9(7) 
  C2-N1-Ge1 122.3(10) 
Table 5. Bond distances and angles chosen for compound 12 
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The X-ray diffraction analysis of 12, confirms the formation of a planar Ge2O2 core. The molecular 
structure shows a tetrahedral geometry around each germanium atom, and the average of the Ge1-
O1 bond distances (ca. 1.811 Å) is in the expected range of Ge-O single bonds (1.767 - 1.820 Å).[30] 
The Ge1-N1 (1.882 Å) and the Ge1-P1 (2.228 Å) bond lengths are slightly shorter than in the case 
of the germylene 7 (1.918 and 2.247 Å, respectively). The decrease of the bond length upon 
oxidation is due to a reduction in the covalent radii on going from a formal Ge(II) site in 7 to a Ge(IV) 
centre in compound 12.[15] The P1-P2 bond distance (2.099 Å) is even shorter than those of 
previously reported for phosphanylidene-phosphoranes compounds (2.141 - 2.184 Å),[23,28] 
confirming the double P-P bond character. 
Formally, the reaction mechanism consists in a head-to-tail dimerization of the unstabilized 
germanone intermediate 12’ formed after elimination of N2 (figure 9). 
 
 
Figure 9. Mechanism of formation of dimer 12 
 
It is well known that germanones, the heavier analogues of ketones, usually end up with 
oligomerization of the desire Ge=O species. Indeed, the reaction of a diamino germylene using 
Me3NO as oxidation reagent, affords an oxo-bridged dimer as a result of the head-to-tail dimerization 
of the Ge=O intermediate (scheme 17).[15] 
 
 
Scheme 17. Reaction of a diamino germylene with Me3NO 
 
The major factor for the lack of success in the isolation of germanones lies in the highly polar 
nature of the Ge=O π-bond, which makes this unit prone to dimerization / oligomerization to yield 
thermodynamically more stable σ-linkages, forming extended Ge-O rings or chains.[42–46] 
 
 
Behaviour of amino(phosphanylidene-σ4-phosphorane) germylene 7 towards a Lewis acid. 
As the P,N-heterocyclic germylene 7 presents two Lewis basic sites, the germanium(II) and the 
phosphorus(II) atom, it can potentially form two different types of complexes with Lewis acids (A and 
B in figure 10). 
 
Chapter III. Reactivity of an amino(phosphanylidene-σ4-phosphorane) germylene  
132 
 
 
Figure 10. Possible coordination modes of Lewis acids to germylene 7 
 
In order to study the coordination properties of germylene 7, several reactions with different 
Lewis acids have been carried out. 
 
A. Formation of a Gold(I) complex. 
The addition of dimethylsulfide gold(I) chloride (1 equiv.) to a toluene solution of germylene 7 at 
room temperature, induces an immediate colour change from pale yellow to dark yellow, and an 
original complex featuring three gold(I) centres, 7.AuCl, has been isolated in 20 % yield. Its formation 
can be explained by a trimerization reaction after germylene insertion into the Au-Cl bond (scheme 
18). 
 
 
Scheme 18. Reaction of germylene 7 with a gold(I) complex 
 
In the 31P{1H}-NMR spectrum two broads signals (δ = -75.0 and 59.0 ppm) in the typical range of P-
Au complexes (δ = -10.0 - 65.0 ppm)[47] in proportion of 1: 2, were observed. The broadening of the 
signals is probably due to the coordination of the phosphorus atoms to gold (figure 11). However, 
due to the broadness of the signals in NMR, the product could not be completely characterized by 
NMR spectroscopy. 
 
 
Figure 11. 31P{1H}-NMR spectrum of the reaction of 7 with [(Me2S)AuCl] at room temperature 
 
Chapter III. Reactivity of an amino(phosphanylidene-σ4-phosphorane) germylene  
133 
 
Single colourless crystals of 7.AuCl were obtained from a toluene / pentane solution, at room 
temperature, and the molecular structure was determined by X-ray diffraction analysis (figure 12). 
 
 
Figure 12. Molecular structure of 7.AuCl (Hydrogen atoms are omitted for clarity) 
 
Distances [Å] Angles [˚] 
Ge1-Cl1 2.254(2) Ge3-Au1-Ge1 168.9(3) 
Ge1-Au3 2.407(9) P5-Au2-P3 171.4(7) 
Ge1-N1 1.910(6) Au3-Ge1-P1 117.7(6) 
Ge1-P1 2.305(6) N1-Ge1-Cl1 97.8(2) 
P1-Au1 2.346(2) N1-Ge1-P1 101.4(2) 
P1-P2 2.130(3) Ge1-P1-P2 101.1(10) 
Ge3-Au3 2.411(9) P1-Au1-Ge2 167.2(6) 
P5-Au2 2.312(2) Cl1-Ge1-Au3 111.1(7) 
P2-C1 1.753(7) C1-P2-P1 109.2(3) 
C1-C2 1.384(11) C2-N1-Ge1 121.0(5) 
C2-N1 1.350(9)   
Table 6. Bond distances and angles chosen for compound 7.AuCl 
 
The X-ray diffraction analysis reveals the structure of 7.AuCl as a trimer, and the presence of 
chlorine atoms on the three Ge centres confirms that the trimer forms by germylene insertion into 
Au-Cl bonds. The trimer presents a symmetry which distinguish one component of a monomer (black 
in figure 13), and another component constituted of two monomers (blue in figure 13). Nevertheless, 
all the Ge-Au (2.407 - 2.412 Å), Ge-P (2.305 - 2.315 Å), and P-Au (2.312 - 2.346 Å) bond distances are 
similar due to the two possible canonical structures (figure 13). 
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Figure 13. Resonance structures of 7.AuCl trimer 
 
Although the mechanism to explain the formation of 7.AuCl is still obscure, the reaction could 
probably start with the coordination of AuCl on the P atom to form an Au(I) complexed germylene 
7.AuCl’. This coordination should weaken the π-donating character of the phosphanylidene-
phosphorane function, making the germylene more reactive. As a consequence, the germylene easy 
inserts into the Au-Cl bond of another complex to form a dimer, which then reacts with another 
equivalent of 7.AuCl’ to from the experimental obtained trimer 7.AuCl (scheme 19). Probably, the 
linear geometry of gold(I) favours the trimeric structure.[48] 
Another possibility is the direct insertion of the germylene into an Au-Cl bond of AuCl.SMe2 
complex, to form the inserted product, 7.Ge-Au, which trimerizes to give 7.AuCl (scheme 19). 
 
Scheme 19. Possible mechanism for the formation of trimer 7.AuCl 
 
Related germylene insertion reactions into Au-Cl bond, have been already reported in the case of 
acyclic diamino-germylenes with gold(I) complexes (scheme 20).[49,50] 
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Scheme 20. Reaction of acyclic diamino-germylene derivatives with gold(I) complexes 
 
It is worth nothing that no examples of stable gold(I) chloride complexes with di-coordinated N-
heterocyclic germylene ligands have been described in the literature. 
 
B. Reaction with BH3.SMe2. 
Boranes are typical Lewis acids of the p-block owing to the presence of an empty orbital at boron 
atom. Due to the creation of a strong P-B bond (ΔH = 82.9 kcal/mol),[51] many examples of stable 
phosphino-boranes have been previously described in the literature (figure 14).[52–54] 
 
 
Figure 14. Some examples of phosphino-boranes described in the literature 
 
The addition of borane dimethyl sulfide complex, BH3.SMe2, to a toluene solution of the 
heterocyclic germylene 7, leads to an immediate colour change from yellow to orange (scheme 21). 
 
 
Scheme 21. Reaction of germylene 7 with BH3.SMe2 
 
Monitoring of the reaction by 31P{1H}-NMR spectroscopy, indicated the formation of a mixture of 
different products. In contrast, the 11B{1H}-NMR analysis showed only one broad high field signal (δ = 
-31.6 ppm), in agreement with the presence of a tetracoordinated boron atom. However it was not 
possible to assess the structure of the compound by NMR spectroscopy. 
Nevertheless, suitable orange crystals from X-ray diffraction analysis were obtained from the 
reaction mixture after 24 hours at room temperature in 20 % yield (figure 15). 
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Figure 15. Molecular structure of 7.BH3 (Hydrogen atoms are omitted for clarity) 
 
Distances [Å] Angles [˚] 
B1-H1A 1.015(10) H1A-B1-H1B 126.0(6) 
B1-H1B 1.040(2) B1-P1-P2 112.2(3) 
Ge1-N1 1.926(3) H1-Ge1-B1 123.0(2) 
Ge1-H1 1.340(5) N1-Ge1-B1 114.0(2) 
Ge1-B1 2.053(10) N1-Ge1-P1 98.8(11) 
Ge1-P1 2.301(16) B1-P1-Ge1 108.5(3) 
P1-B1 1.937(7) P1-B1-Ge1 101.3(4) 
P1-P2 2.141(16) P2-P1-Ge1 99.3(7) 
P2-C2 1.747(5) C2-P2-P1 104.9(18) 
C2-C3 1.388(8) C3-N1-Ge1 123.8(4) 
C3-N1 1.327(7)   
Table 7. Bond distances and angles chosen for compound 7.BH3 
 
This result is similar to the one obtained by the reaction of germylene 7 with AuCl.SMe2. The first 
formed donor-acceptor complex 7.BH3’ probably dimerizes via a germylene insertion into the B-H 
bond of the second unit 7.BH3’, leading to the isolated dimer 7.BH3 featuring a B-P-Ge-B-P-Ge six-
membered ring (scheme 22). 
 
Scheme 22. Possible mechanism for the formation of dimer 7.BH3. 
 
The Ge1-B1 bond distance (2.053 Å) is in the range observed for other germylene-triarylborane 
complexes (2.156 - 2.186 Å).[55,56] The three coordinated P1 is strongly pyramidalized (Ʃα(P1) = 349.6 
˚), while the P1-B1 bond length (1.937 Å) is similar to that observed for other phosphido-boranes, 
R2P-BH3, described in the literature (1.953 - 1.962 Å).[57,58] 
Similarly to the previous cases, the Ge1-N1 (1.926 Å) and Ge1-P1 (2.301 Å) bond lengths are 
typical for Ge-N and Ge-P single bonds (1.866 Å and 2.300 Å, respectively).[59,60] The P1-P2 bond 
distance (2.141 Å) is consistent with a partial multiple P-P bond character (2.141 - 2.184 Å).[23–29] 
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C. Reaction with tris(pentafluorophenyl) borane. 
So far, we did not observed any stable monomeric germylene-Lewis acid complex probably due to 
the presence of reactive Au-Cl or B-H bonds, which easily react with the germylene intermediate 
after coordination throught the phosphorus atom. To access to a monomeric structure, we 
considered the use of a borane bearing strong B-C bonds could be a promising candidate. 
Germylene 7 does not react with triphenyl- or triethyl-boranes, probably because of their 
moderate Lewis acidity and larger size than BH3. In contrast, germylene 7 readily reacts with a much 
stronger Lewis acidic borane B(C6F5)3. The reaction occurs in toluene, at room temperature, to afford 
the corresponding germylene-borane adduct 13 (scheme 23). 
 
 
Scheme 23. Synthesis of the germylene-borane adduct 13 
 
The formation of the germylene-borane adduct is indicated by a high field signal in the 11B{1H}-
NMR spectrum (δ = -12.1 ppm), which corresponds to a tetracoordinated boron centre.[61] The 
31P{1H}-NMR spectrum displays an AX-system with a large JPP-coupling constant (δ = 54.1 ppm and -
10.1 ppm, 1JPP = 441.6 Hz), which is consistent with the presence of the phosphanylidene-
phosphorane function. The resonance corresponding to the two coordinated phosphorus atom 
appears in the range between those observed for germylene 7 (δ = 111.0 ppm) and for classical 
phosphanylidene-phosphoranes (δ = -158.0 - -115.0 ppm),[23,24,28] although the signal for the four 
coordinated phosphorus atom appears in the same region as that of germylene 7 (δ = 52.5 ppm for 
7). 
In the 19F{1H}-NMR spectrum, three broad signals in the expected region of pentafluorophenyl- 
groups (δ = -129.5, -130.6, -163.1 ppm), are observed. The signals, integrating in a 6: 3: 6 ratio, 
correspond to the ortho-, para- and meta-fluorine atoms, respectively. They are broad probably 
because of the slow rotation at the Ge-B axis in solution at room temperature, due to the high steric 
congestion. 
The adduct 13 was isolated as colourless crystals in a [1 : 1] toluene / pentane mixture at room 
temperature in 67 % yield, and it was characterized by single crystal X-ray diffraction analysis (figure 
16). 
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Figure 16. X-ray structure of germylene-borane adduct 13 (Hydrogen atoms are omitted for clarity) 
 
Distances [Å] Angles [˚] 
Ge1-N1 1.863(19) N1-Ge1-B1 133.6(9) 
Ge1-B1 2.223(3) B1-Ge1-P1 111.0(8) 
Ge1-P1 2.194(7) N1-Ge1-P1 115.2(6) 
P1-P2 2.104(9) P2-P1-Ge1 102.4(3) 
P2-C1 1.753(3) C1-P2-P1 114.5(10) 
C1-C2 1.367(15) C2-N1-Ge1 124.1(19) 
C2-N1 1.383(3)   
Table 8. Bond distances and angles chosen for compound 13 
 
The molecular structure reveals the coordination of the divalent germanium centre to boron. This 
was indicated by the trigonal planar geometry around the Ge atom (Ʃα(Ge) = 359.8 ˚) and the 
tetrahedral geometry around boron. The Ge1-B1 bond distance (2.223 Å) is longer than those 
observed for other germylene-triarylborane complexes (2.156 - 2.186 Å),[55,56] probably due to the 
high steric congestion around both atoms. 
The Ge1-N1 bond (1.863 Å) is significantly longer than classical Ge=N double bonds (1.682 - 1.703 
Å) [62,63] and even longer than those in N-heterocyclic germylene-transition metal complexes (1.819 - 
1.829 Å).[10,64,65] In contrast, the Ge1-P1 bond length (2.193 Å) is close to those observed for the Ge=P 
double bond of phosphagermenes (2.143 - 2.175 Å).[66–68] These results suggest that the π-electron 
donation of the phosphanylidene-phosphorane substituent at germanium is much stronger than that 
of the amino group. Similar conclusions were drawn for germylene 7. 
The shortening of both, Ge1-N1 and Ge1-P1 bonds, relative to those in germylene 7 (1.918 and 
2.247 Å, respectively) is probably due to an increased s-character of these bonds (sp2-hybridation) 
upon coordination of the Ge atom to the borane. Indeed, the N1-Ge1-P1 angle (115.2 ˚) becomes 
significantly larger than that in 7 (106.9 ˚) and it is closer to the ideal value of a sp2 hybridization (120 
˚). 
As it has been already mentioned, the germylene 7 presents several nucleophilic sites (Ge and the 
dicoordinated P atom). DFT calculations at M06-2X/6-311+G(d,p) level of theory indicates that the 
formation of the donor-acceptor complex via Ge → B interaction is exothermic (ΔE13-7 = - 30.8 
kcal/mol), and it is energetically favoured in comparison with the P → B interaction. Indeed, the 
isomerization of the germylene-borane complex 13 to the corresponding phosphanylidene 
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phosphorane-borane adduct (13’) is an endothermic reaction (ΔE13’-7 = + 6.7 kcal/mol) (figure 17). 
This is in agreement with the experimental observations. 
 
Figure 17. Calculated energies for the formation of the Lewis acid adducts. 
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III. Conclusions and perspectives 
 
P,N-heterocyclic germylene 7, presenting a relatively small singlet-triplet energy gap, is more 
reactive than classical diamino-germylenes. Indeed, much faster [4 + 1] cycloaddition reactions were 
observed (with dienes and diketones) compared to classical NHGes. Moreover, the germylene 7 
presents different reactivity towards TMS-N3 from that of N-heterocyclic diamino germylenes, 
probably due to the much stronger electron-donating character of the phosphanylidene-
phosphorane moiety compared to the amino groups in NHGes. 
 
The Lewis base character of germylene 7 has also been studied. Although its reactions with Lewis 
acids such as gold(I) complex or BH3 result in germylene insertions into the Au-Cl or B-H bonds, the 
reaction of 7 with B(C6F5)3, with strong B-C bonds, allowed to synthetize a stable germylene-borane 
adduct 13. The properties and the reactivity of this adduct will be discussed in the next chapter. 
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Synthesis of [4+1] cycloaddition product 9: 
 
P.M. = 684.54 g/mol 
 
To a solution of germylene 7 (0.03 g, 0.05 mmol) in toluene (0.5 mL), 2,3-dimethyl-1,3-butadiene 
(5.63 μL, 0.05 mmol) was added at room temperature. After 2 h at room temperature, all the 
volatiles were removed under vacuum and the residue was extracted with pentane. Product 9 was 
obtained as a yellow oil (0.01 g, yield = 21 %). 
HRMS (DCI-CH4) exact mass calcd for [C35H59N3P2SiGe]+, 685.3173; found, 685.3171. M.p. = 111- 170 
˚C. 
 
NMR 31P{1H} (201 MHz, C6D6, δ ppm): 
-211.1 (d, 1JPP = 489.2 Hz, Ge-P), 66.7 (d, 1JPP = 489.2 Hz, NC=CP). 
 
NMR 29Si{1H} (59 MHz, C6D6, δ ppm): 
4.5 (dd, 2JPSi = 1.4 Hz; 3JPSi = 1.1 Hz, Si(CH3)2). 
 
NMR 1H (500 MHz, C6D6, δ ppm): 
0.47 (s, 3H, CH3Si), 0.53 (s, 3H, CH3Si), 1.01 (d, 3JHH = 5.5 Hz, 1H, CH2bridge), 1.28 (d, 3JHH = 6.8 Hz, 3H, 
CH3iPr), 1.28 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.33 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.45 (d, 2JHH = 2.7 Hz, 2H, 
CH2), 1.53 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.58 (s, 9H, CH3tBu), 1.61 (s, 9H, CH3tBu), 1.62 (m, 1H, CH2bridge), 
1.99 (m, 2H, CH2), 2.22 (d, 3JPH = 16.1 Hz, 2H, Ge-CH2), 2.46 (d, 3JPH = 16.1 Hz, 2H, Ge-CH2), 2.59 (s, 1H, 
CHbridge), 3.39 (s, 1H, CHbridge), 3.65 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.80 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 
7.17 (m, 1H, CHAr), 7.24 (m, 1H, CHAr), 7.28 (m, 1H, CHAr). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm): 
4.6 (s, SiCH3), 5.0 (s, SiCH3), 18.6 (s, CH3), 19.1 (s, CH3), 23.8 (s, CH3iPr), 25.0 (s, CH3iPr), 25.3 (s, CH3iPr), 
25.4 (s, CH3iPr), 27.3 (s, CHiPr), 27.6 (s, CH2), 27.9 (s, CHiPr), 28.3 (s, CH2), 29.9 (d, 2JPC = 16.5 Hz, Ge-CH2), 
32.3 (s, CH3tBu), 32.3 (s, CH3tBu), 38.2 (d, 2JPC = 10.7 Hz, Ge-CH2), 44.2 (d, 3JPC = 5.2 Hz, CH2bridge), 44.2 (d, 
2JPC = 5.2 Hz, CHbridgehead), 46.8 (d, 3JPC = 10.0 Hz, CHbridgehead), 52.3 (s, CtBu), 52.5 (s, CtBu), 101.7 (dd, 1JPC = 
92.2 Hz; 2JPC = 12.1 Hz, C-P), 123.7 (s, CHAr-meta), 124.1 (s, CHAr-meta), 126.7 (s, CHAr-para), 130.2 (s, Cdiene), 
130.7 (s, Cdiene), 141.1 (s, CAr), 147.2 (s, CAr), 148.4 (s, CAr), 171.6 (d, 2JPC = 13.2 Hz, C-N). 
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Synthesis of [4+1] cycloaddition product 10: 
 
P.M. = 822.71 g/mol 
 
To a solution of germylene 7 (0.03 g, 0.05 mmol) in toluene (0.5 mL), 3,5-di-tert-butyl-o-
benzoquinone (0.01 g, 0.05 mmol) was added at room temperature. After 2 h at room temperature, 
all the volatiles were removed under vacuum and the residue was extracted with pentane. The 
product 10 was obtained as pale yellow crystals from a concentrated pentane solution at room 
temperature (0.02 g, yield = 51 %). 
HRMS (DCI-CH4) exact mass calcd for [C43H69N3O2P2SiGe]+, 823.3857; found, 823.3839. M.p. = 115- 
157 ˚C. 
 
NMR 31P{1H} (201 MHz, C6D6, δ ppm): 
Major (65 %): -189.1 (d, 1JPP = 444.1 Hz, Ge-P), 63.9 (d, 1JPP = 444.1 Hz, NC=CP). 
Minor (35 %): -188.4 (d, 1JPP = 443.7 Hz, Ge-P), 64.4 (d, 1JPP = 443.7 Hz, NC=CP). 
 
NMR 29Si{1H} (59 MHz, C6D6, δ ppm): 
Major (65 %): 8.0 (s, Si(CH3)2). 
Minor (35 %): 7.9 (s, Si(CH3)2). 
 
NMR 1H (500 MHz, C6D6, δ ppm): 
Major (80 %): 0.36 (s, 6H, CH3Si), 0.86 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 0.92 (m, 1H, CH2bridge), 1.25 (d, 3JHH = 
6.8 Hz, 3H, CH3iPr), 1.35 (s, 9H, CH3tBuquinone), 1.35 (m, 2H, CH2), 1.36 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.43 (s, 
9H, CH3tBuquinone), 1.47 (s, 9H, CH3tBu), 1.48 (m, 1H, CH2bridge), 1.53 (s, 9H, CH3tBu), 1.67 (m, 2H, CH2), 1.83 
(d, 3JHH = 6.8 Hz, 3H, CH3iPr), 2.58 (s, 1H, CHbridgehead), 3.32 (s, 1H, CHbridgehead), 3.56 (sept, 3JHH = 6.8 Hz, 
1H, CHiPr), 3.91 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 6.94 (d, 3JHH = 2.2 Hz, 1H, CHm-benzoquinone), 7.05 (d, 4JHH = 
1.7 Hz, 1H, CHAr-meta), 7.25 (d, 4JHH = 1.7 Hz, 1H, CHAr-meta), 7.21 (m, 1H, CHAr-para), 7.29 (d, 3JHH = 2.2 Hz, 
1H, CHo-benzoquinone). 
Minor (35 %): 0.41 (s, 6H, CH3Si), 0.86 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 0.92 (m, 1H, CH2bridge), 1.28 (d, 3JHH = 
6.8 Hz, 3H, CH3iPr), 1.35 (s, 9H, CH3tBuquinone), 1.35 (m, 2H, CH2), 1.37 (s, 9H, CH3tBuquinone), 1.36 (d, 3JHH = 
6.8 Hz, 3H, CH3iPr), 1.47 (s, 9H, CH3tBu), 1.48 (m, 1H, CH2bridge), 1.55 (s, 9H, CH3tBu), 1.69 (m, 2H, CH2), 
1.83 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 2.58 (s, 1H, CHbridgehead), 3.32 (s, 1H, CHbridgehead), 3.61 (sept, 3JHH = 6.8 
Hz, 1H, CHiPr), 3.76 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 6.94 (d, 3JHH = 2.2 Hz, 1H, CHm-benzoquinone), 7.04 (d, 4JHH 
= 1.7 Hz, 1H, CHAr-meta), 7.19-7.22 (m, 3H, CAr). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm): 
Major (65 %): 4.5 (s, CH3Si), 23.8 (s, CH3iPr), 24.7 (s, CH3iPr), 25.3 (s, CH3iPr), 26.0 (s, CH3iPr), 27.5 (s, CH2), 
27.6 (s, CHiPr), 27.8 (s, CHiPr), 28.1 (s, CH2), 29.3 (s, CH3tBu-o-quinone), 31.8 (s, CH3tBu-m-quinone), 32.1 (s, 
CH3tBu), 32.1 (s, CH3tBu), 34.3 (s, CtBu-o-quinone), 34.5 (s, CtBu-o-quinone), 43.9 (d, 3JPC = 5.6 Hz, CH2bridge), 44.4 
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(d, 3JPC = 5.5 Hz, CHbridgehead), 46.4 (d, 2JPC = 11.3 Hz, CHbridgehead), 52.7 (s, CtBu), 52.9 (s, CtBu), 100.8 (dd, 
1JPC = 91.2 Hz, 2JPC = 10.4 Hz, C-P), 109.7 (s, CHo-benzoquinone), 112.7 (s, CHm-benzoquinone), 124.3 (s, CHAr-meta), 
124.5(s, CHAr-meta), 128.1 (s, CHAr-para), 134.1 (s, Cbenzoquinone), 137.9 (s, CAr), 141.1 (s, Cbenzoquinone), 145.3 
(s, O-Cbenzoquinone), 147.8 (s, CAr), 147.9 (s, CAr), 150.8 (s, O-Cbenzoquinone), 170.3 (d, 2JPC = 14.0 Hz, C-N). 
Minor (35 %): 4.3 (s, CH3Si), 24.4 (s, CH3iPr), 24.4 (s, CH3iPr), 25.4 (s, CH3iPr), 25.7 (s, CH3iPr), 27.2 (s, CH2), 
27.9 (s, CH2), 27.6 (s, CHiPr), 27.9 (s, CHiPr), 29.9 (s, CH3tBu-o-quinone), 30.1 (s, CH3tBu-m-quinone), 32.0 (s, 
CH3tBu), 32.1 (s, CH3tBu), 34.2 (s, CtBu-o-quinone), 34.3 (s, CtBu-o-quinone), 44.3 (d, 3JPC = 5.6 Hz, CH2bridge), 44.4 
(d, 3JPC = 5.0 Hz, CHbridgehead), 46.3 (d, 2JPC = 11.2 Hz, CHbridgehead), 52.8 (s, CtBu), 53.0 (s, CtBu), 101.2 (dd, 
1JPC = 91.0 Hz, 2JPC = 10.8 Hz, C-P), 109.4 (s, CHo-benzoquinone), 113.4 (s, CHm-benzoquinone), 124.0 (s, CHAr-meta), 
124.2(s, CHAr-meta), 129.1 (s, CHAr-para), 133.1 (s, Cbenzoquinone), 138.1 (s, CAr), 141.1 (s, Cbenzoquinone), 146.2 
(s, O-Cbenzoquinone), 147.6 (s, CAr), 148.0 (s, CAr), 149.9 (s, O-Cbenzoquinone), 170.6 (d, 2JPC = 14.1 Hz, C-N). 
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Synthesis of the azidogermane 11: 
 
P.M. = 804.80 g/mol 
 
To a solution of germylene 7 (0.03 g, 0.05 mmol) in toluene (0.5 mL), two equivalents of TMS-N3 (13.2 
μL, 0.10 mmol) were added at - 80 ˚C. After 30 min at low temperature, the solution was warmed at 
room temperature and all the volatiles were removed under vacuum. The product was extracted 
with pentane. Suitable pale yellow crystals for X-ray diffraction analysis of compound 11 were 
obtained from a concentrated pentane solution at room temperature (0.02 g, yield = 58 %). 
HRMS (DCI-CH4) exact mass calcd for [C35H67N7P2Si3Ge]+, 805.3461; found, 805.3441. 
 
NMR 31P{1H} (162 MHz, d8-THF, δ ppm): 
Major (85 %): 60.0 (d, 1JPP = 473.2 Hz, NC=CP), -175.7 (d, 1JPP = 473.2 Hz, Ge-P). 
Minor (15 %): 60.4 (d, 1JPP = 460.8 Hz, NC=CP), -177.1 (d, 1JPP = 460.8 Hz, Ge-P). 
 
NMR 29Si{1H} (79.5 MHz, d8-THF, δ ppm): 
Major (85 %): 5.1 (s, Si(CH3)3), 5.5 (s, Si(CH3)3), 7.4 (s, Si(CH3)2). 
Minor (15 %): 4.7 (s, Si(CH3)3), 5.9 (s, Si(CH3)3), 7.0 (s, Si(CH3)2). 
 
NMR 1H (400 MHz, d8-THF, δ ppm): 
Major (85 %): 0.14 (s, 9H, CH3TMS), 0.43 (s, 9H, CH3TMS), 0.62 (s, 3H, CH3Si), 0.67 (s, 3H, CH3Si), 1.12 (m, 
1H, CH2bridge), 1.13 (m, 1H, CH2bridge), 1.27 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.43 (d, 3JHH = 6.7 Hz, 6H, CH3iPr), 
1.44 (m, 1H, CH2bridge), 1.49 (s, 9H, CH3tBu), 1.51 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.52 (s, 9H, CH3tBu), 1.57 
(m, 2H, CH2), 1.61 (m, 2H, CH2), 2.61 (s, 1H, CHbridgehead), 3.20 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.31 (s, 1H, 
CHbridgehead), 3.37 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.27 (m, 3H, CHAr). 
Minor (15 %): 0.29 (s, 9H, CH3TMS), 0.47 (s, 9H, CH3TMS), 0.60 (s, 3H, CH3Si), 0.66 (s, 3H, CH3Si), 1.19 (d, 
3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (m, 1H, CH2bridge), 1.35 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.43 (m, 1H, CH2bridge), 
1.48 (s, 9H, CH3tBu), 1.49 (s, 9H, CH3tBu), 1.50 (m, 1H, CH2bridge), 1.52 (d, 3JHH = 6.8 Hz, 6H, CH3iPr), 1.72 
(m, 2H, CH2), 1.87 (m, 2H, CH2), 2.55 (s, 1H, CHbridgehead), 3.12 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.34 (s, 1H, 
CHbridgehead), 3.42 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.13 (m, 3H, CHAr). 
 
NMR 13C{1H} ( 100 MHz, d8-THF, δ ppm): 
Major (85 %): 4.8 (d, 1JCSi = 21 Hz, CH3TMS), 7.0 (d, 1JCSi = 7.3 Hz, CH3Si), 22.8 (s, CH3iPr), 23.3 (s, CH3iPr), 
25.3 (s, CH3iPr), 25.8 (s, CH3iPr), 25.9 (s, CH2), 26.9 (s, CHiPr), 27.5 (s, CHiPr), 27.9 (s, CH2), 31.7 (d, 3JPC = 
5.1 Hz, CH3tBu), 32.4 (t, 3JPC = 4.0 Hz, CH3tBu), 43.7 (d, 3JPC = 4.8 Hz, CHbridgehead), 45.6 (d, 3JPC = 4.1 Hz, 
CH2bridge), 47.3 (d, 2JPC = 11.1 Hz, CHbridgehead), 52.6 (s, CtBu), 52.8 (s, CtBu), 99.4 (dd, 1JPC = 92.4 Hz, 2JPC = 
10.4 Hz, C-P), 127.8 (s, CHAr-meta), 128.1(s, CHAr-meta), 128.8 (s, CHAr-para), 137.5 (s, CAr), 147.1 (s, CAr), 
148.4 (s, CAr), 171.4 (d, 2JPC = 13.9 Hz, C-N). 
Minor (15 %): 3.8 (m, CH3TMS), 7.6 (d, 1JCSi = 9.5 Hz, CH3Si), 22.7 (s, CH3iPr), 23.5 (s, CH3iPr), 25.7 (s, 
CH3iPr), 26.6 (s, CH3iPr), 26.8 (s, CH2), 27.2 (d, 3JPC = 1.3 Hz, CH2), 27.5 (s, CHiPr), 27.8 (s, CHiPr), 31.4 (s, 
CH3tBu), 32.6 (d, 3JPC = 2.2 Hz, CH3tBu), 44.0 (s, CHbridgehead), 45.7 (d, 3JPC = 6.7 Hz, CH2bridge), 47.4 (d, 2JPC = 
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12.2 Hz, CHbridgehead), 52.2 (s, CtBu), 52.3 (s, CtBu), 99.5 (dd, 1JPC = 90.2 Hz, 2JPC = 9.6 Hz, C-P), 127.8 (s, 
CHAr-meta), 127.9 (s, CHAr-ortho), 128.6 (s, CHAr-para), 137.9 (s, CAr), 147.3 (s, CAr), 148.1 (s, CAr), 171.0 (d, 
2JPC = 14.9 Hz, C-N). 
 
IR (THF): 
Major (85 %): 2106.2 cm-1 
Minor (15 %): 2150.4 cm-1 
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Synthesis of dimer 12: 
 
P.M. = 1236.79 g/mol 
 
To a solution of germylene 7 (0.03 g, 0.05 mmol) in toluene (0.5 mL), 3 bars of N2O were added at 
room temperature. After 6 h at room temperature, the reaction was finished. Suitable yellow crystals 
for X-ray diffraction analysis of compound 12 were obtained overnight from a concentrated toluene 
solution at room temperature (0.02 g, yield = 35 %). 
 
NMR 31P{1H} (121 MHz, d8-toluene, δ ppm): 
Major (55 %): -168.3 (d, 1JPP = 433.4 Hz, Ge-P), 33.4 (d, 1JPP = 433.4 Hz, CN=CP). 
Minor (45 %): -163.0 (d, 1JPP = 429.5 Hz, Ge-P), 34.0 (d, 1JPP = 429.5 Hz, CN=CP). 
 
NMR 1H (300 MHz, d8-toluene, δ ppm): 
Major (55 %): 0.39 (s, 3H, CH3Si), 0.43 (s, 3H, CH3Si), 1.12 (m, 2H, CH2bridge), 1.27 (d, 3JHH = 6.8 Hz, 3H, 
CH3iPr), 1.43 (d, 3JHH = 6.7 Hz, 6H, CH3iPr), 1.44 (m, 1H, CH2bridge), 1.40 (s, 9H, CH3tBu), 1.45 (s, 9H, CH3tBu), 
1.50 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.57 (m, 2H, CH2), 1.61 (m, 2H, CH2), 2.61 (s, 1H, CHbridgehead), 3.20 
(sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.31 (s, 1H, CHbridgehead), 3.37 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 7.27 (m, 3H, 
CHAr). 
Minor (45 %): 0.30 (s, 3H, CH3Si), 0.36 (s, 3H, CH3Si), 1.19 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.29 (m, 1H, 
CH2bridge), 1.35 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.43 (m, 1H, CH2bridge), 1.48 (s, 9H, CH3tBu), 1.49 (s, 9H, 
CH3tBu), 1.50 (m, 1H, CH2bridge), 1.52 (d, 3JHH = 6.8 Hz, 6H, CH3iPr), 1.72 (m, 2H, CH2), 1.87 (m, 2H, CH2), 
2.55 (s, 1H, CHbridgehead), 3.12 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.34 (s, 1H, CHbridgehead), 3.42 (sept, 3JHH = 
6.8 Hz, 1H, CHiPr), 7.13 (m, 3H, CHAr). 
 
NMR 13C{1H} (75 MHz, d8-toluene, δ ppm): 
Major (55 %): 7.0 (d, 1JCSi = 7.3 Hz, CH3Si), 22.5 (s, CH3iPr), 23.5 (s, CH3iPr), 25.7 (s, CH3iPr), 25.8 (s, CH3iPr), 
25.9 (s, CH2), 26.5 (s, CHiPr), 27.8 (s, CHiPr), 27.9 (s, CH2), 31.7 (d, 3JPC = 5.1 Hz, CH3tBu), 32.4 (t, 3JPC = 4.0 
Hz, CH3tBu), 43.7 (d, 3JPC = 4.8 Hz, CHbridgehead), 45.6 (d, 3JPC = 3.9 Hz, CH2bridge), 47.3 (d, 2JPC = 10.8 Hz, 
CHbridgehead), 52.6 (s, CtBu), 52.8 (s, CtBu), 99.4 (dd, 1JPC = 92.3 Hz, 2JPC = 10.0 Hz, C-P), 125.8 (s, CHAr-meta), 
126.0(s, CHAr-meta), 128.8 (s, CHAr-para), 137.5 (s, CAr), 147.1 (s, CAr), 148.4 (s, CAr), 171.4 (d, 2JPC = 12.8 Hz, 
C-N). 
Minor (45 %): 7.6 (d, 1JCSi = 9.5 Hz, CH3Si), 22.3 (s, CH3iPr), 23.5 (s, CH3iPr), 25.6 (s, CH3iPr), 26.6 (s, CH3iPr), 
26.8 (s, CH2), 27.2 (d, 3JPC = 1.3 Hz, CH2), 27.9 (s, CHiPr), 28.0 (s, CHiPr), 31.4 (s, CH3tBu), 32.6 (d, 3JPC = 2.2 
Hz, CH3tBu), 44.0 (s, CHbridgehead), 45.2 (d, 3JPC = 6.0 Hz, CH2bridge), 47.9 (d, 2JPC = 11.5 Hz, CHbridgehead), 52.2 
(s, CtBu), 52.3 (s, CtBu), 99.5 (dd, 1JPC = 89.8 Hz, 2JPC = 8.5 Hz, C-P), 127.5 (s, CHAr-meta), 127.9 (s, CHAr-ortho), 
128.0 (s, CHAr-para), 137.9 (s, CAr), 147.3 (s, CAr), 148.1 (s, CAr), 171.0 (d, 2JPC = 14.0 Hz, C-N). 
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Synthesis of germylene-borane adduct 13: 
 
P.M. = 1114.38 g/mol 
 
To a toluene solution (0.5 mL) of germylene 7 (0.03 g, 0.05 mmol), B(C6F5)3 (0.02 g, 0.05 mmol) was 
added at room temperature. After 1 h at room temperature, all the volatiles were removed under 
vacuum, giving a dark red oil. Suitable crystals of 13 for X-ray diffraction analysis were obtained from 
a concentrated [1 : 1] toluene-pentane solution at room temperature (0.04 g, yield = 67 %). 
 
NMR 31P{1H} (202 MHz, C6D6, δ ppm): 
-10.2 (d, 1JPP = 441.6 Hz, Ge=P), 54.1 (d, 1JPP = 441.6 Hz, NC=CP). 
 
NMR 11B{1H} (96 MHz, C6D6, -78 ˚C, δ ppm): 
-14.2 (br) 
 
NMR 19F{1H} (376 MHz, C6D6, 40 ˚C, δ ppm): 
-163.1 (br, 6F, mF-B(C6F5)3), -130.6 (br, 3F, pF-B(C6F5)3), -129.5 (br, 6F, oF-B(C6F5)3). 
 
NMR 29Si{1H} (79 MHz, C6D6, δ ppm): 
10.9 (s, Si(CH3)2). 
 
NMR 1H (500 MHz, C6D6, δ ppm): 
0.26 (s, 3H, SiCH3), 0.36 (s, 3H, SiCH3), 1.04 (d, 3JHH = 6.6 Hz, 3H, CH3iPr), 1.06 (m, 1H, CH2bridge), 1.09 (d, 
3JHH = 6.7 Hz, 3H, CH3iPr), 1.13 (d, 3JHH = 6.6 Hz, 3H, CH3iPr), 1.19 (s, 9H, CH3tBu), 1.20 (d, 3JHH = 6.7 Hz, 3H, 
CH3iPr), 1.23 (s, 9H, CH3tBu), 1.51 (m, 2H, CH2), 1.57 (m, 1H, CH2bridge), 1.64 (m, 2H, CH2), 2.57 (s, 1H, 
CHbridgehead), 2.98 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 3.24 (sept, 3JHH= 6.6 Hz, 1H, CHiPr), 3.32 (s, 1H, 
CHbridgehead), 7.34 (m, 3H, CHAr). 
 
NMR 13C{1H} (125 MHz, C6D6, δ ppm): 
3.6 (s, SiCH3), 3.9 (s, SiCH3), 23.1 (s, CH3iPr), 23.3 (s, CH3iPr), 25.2 (s, CH3iPr), 25.4 (s, CH3iPr), 26.7 (s, CH2), 
27.4 (s, CH2), 27.6 (s, CHiPr), 28.2 (s, CHiPr), 31.7 (d, 3JCP = 4.7 Hz, CH3tBu), 31.9 (d, 3JCP = 3.5 Hz, CH3tBu), 
44.6 (d, 3JCP = 4.9 Hz, CHbridgehead), 46.5 (d, 3JCP = 7.0 Hz, CH2), 47.6 (d, 2JCP = 9.8 Hz, CHbridgehead), 52.9 (s, 
CtBu), 53.0 (s, CtBu), 101.7 (dd, 1JCP = 92.4 Hz, 2JCP = 4.7 Hz, C-P), 124.1 (s, CHm-Ar), 124.5 (s, CHm-Ar), 129.1 
(s, CHp-Ar), 137.4 (m, 1JCF = 251.2 Hz, 2JCB = 32.3 Hz, 2JCF = 11.5 Hz, 4JCF = 3.5 Hz, 9C, o- and p-B(C6F5)3), 
139.9 (s, CAr), 141.0 (br, 3C, C-B), 145.7 (s, CAr), 146.3 (s, CAr), 148.4 (dt, 1JCF = 233.6 Hz, 2JCF = 11.5 Hz, 
6C, m-B(C6F5)3),  173.2 (d, 2JCP = 11.4 Hz, C-N).
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I. Introduction 
 
Frustrated Lewis pairs 
As mentioned in the first chapter, pairs of sterically hindered Lewis acid and base, called 
Frustrated Lewis pairs (FLPs), such as the combination of a bulky phosphine and a bulky borane, are 
able to heterolytically cleave thermally stable bonds of small molecules such as H2 (H-H bond) or 
silanes (Si-H bond), to generate the corresponding phosphonium and borate moieties (figure 1).[1,2] 
 
Figure 
1. Activation of H2 and silanes by an FLP 
 
Furthermore, the activation of small molecules has been successfully applied by different research 
groups in catalytic processes such as hydrogenation of imines by Stephan and co-workers,[3] 
hydrogenation of enamines [4] and silylenolethers by Erker’s group (scheme 1).[5] 
 
 
Scheme 1. Catalytic hydrogenation of imines with FLP as catalyst 
 
The great number of donor (D) / acceptor (A) combinations allowed to enormously develop the 
chemistry of frustrated Lewis pairs since a decade, and a large variety of FLP systems have been 
investigated to deeply understand their potential in bond activation. However, to date FLPs are only 
able to activate a single molecule, which is a major difference compared to transition metal 
complexes. Indeed, featuring different coordination sites,[6] organometallic derivatives are able to 
simultaneously activate several molecules, making them better candidates to achieve complex 
catalytic processes. 
 
 
Objective of this work 
In the previous chapters, we have reported the synthesis of a stable P,N-heterocyclic germylene 7, 
which presents an enhanced reactivity compared to classical N-heterocyclic germylenes due to the 
influence of the phosphanylidene-phosphorane moiety. Of particular interest, in addition to the 
divalent germylene centre, compound 7 presents two other reactive sites: a weak Ge=P π-bond and a 
nucleophilic phosphorus atom (figure 2). Thus, we wondered if we can use this multi-functional 
germylene as a Lewis base to create a new type of FLP with several reactive sites. 
 
 
 
Figure 2. Multi-reactive sites of germylene 7 
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We already showed that the P,N-heterocyclic germylene 7 forms a stable donor-acceptor adduct 
13 with B(C6F5)3 (figure 3). In this chapter, we will discuss the chemical behaviour of this germylene-
borane complex as a particular frustrated Lewis pair system towards small molecules. 
 
 
Figure 3. Germylene-borane Lewis adduct 13 
 
  
Chapter IV. Reactivity of a P,N-Heterocyclic Germylene-Borane adduct 
165 
 
II. Results and discussion 
 
Activation of small molecules 
A. Reaction with H2 
In spite of the relatively strong bonding of the P,N-heterocyclic germylene to B(C6F5)3 (ΔE = -26.3 
kcal/mol), the germylene-borane adduct 13 presents a high reactivity. Indeed, it reacts with H2 (3 
bars) at room temperature, leading to a mixture of several products (scheme 2). 
 
 
Scheme 2. Activation of H2 by the germylene-borane Lewis pair 13 
 
The 31P-NMR spectrum of the reaction mixture displays several AX-systems appearing around 40 
ppm and -160 ppm. The upper-field signal, corresponding to the two-coordinate phosphorus atom, 
presents a relatively large phosphorus-proton coupling constant (JPH: ca. 40 Hz). Furthermore, the 
formation of H-B(C6F5)3- anion was also detected by 11B-NMR (δ = -24.6 ppm, 1JBH = 82.9 Hz). Although 
these results strongly suggest the activation of H2 by the germylene-borane adduct 13, all attempts 
to isolate any product from the mixture have failed. 
 
B. Reaction with silanes 
It is well known that frustrated Lewis pairs are able to activate silanes. In the same vein, the 
adduct 13 immediately reacts with Et3SiH in fluorobenzene, at room temperature, to afford a cationic 
germylene 14, with H-B(C6F5)3- as counter anion, and the silyl group on the di-coordinated P atom, as 
a result of a formal Si-H bond cleavage by the P/B Lewis pair (scheme 3). 
 
Scheme 3. Synthesis of cationic germylene 14 
 
In the 31P{1H}-NMR spectrum only one AX-system was observed (δ = -2.5 (PII) and 29.4 ppm (PIV), 
1JPP = 402.7 Hz). The formation of the HB(C6F5)3¯ anion was confirmed by a high field doublet at δ = -
24.7 ppm (1JBH = 96.1 Hz) in the 11B-NMR spectrum, in the expected region for this type of borate. The 
19F{1H}-NMR spectrum presents three well defined signals integrating for [6: 3: 6]corresponding to 
each group of fluorine atoms present in the molecule (δ = -132.6 (o), -164.9 (p) and -167.4 ppm (m-
C6F5), respectively). Those NMR data of H-B(C6F5)3¯ anion are essentially same as the previously 
reported ones.[2] 
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The 29Si{1H}-NMR spectrum exhibits a doublet of doublets with a relatively large Si-P coupling 
constants (δ = 26.1 ppm, 1JSiP = 38.7 Hz, 2JSiP = 9.0 Hz), which are the typical values for 
phosphinosilanes (1JSiP = 23 - 54 Hz),[7–11] suggesting a direct phosphorus-silicon connection. 
A related cationic germylene 14’ with different counter anion B(C6F5)4¯ was also obtained by the 
reaction of the P,N-heterocyclic germylene 7 with a triethylsilylium cation [Et3Si][B(C6F5)4], prepared 
from a mixture of [Ph3C][B(C6F5)4] and triethylsilane (scheme 4).[12] As expected, all the NMR data of 
compound 14’ are essentially the same as those observed for the cationic germylene 14, except the 
signal in the 11B{1H}-NMR spectrum, which appears in the typical region of B(C6F5)4¯ anion.[13] This 
result confirms that the obtained compound 14 is definitely the P-triethylsilylated product of the P,N-
heterocyclic germylene 7. 
 
 
Scheme 4. Synthesis of cationic germylene 14’ with B(C6F5)4- as counter anion 
 
The reactions of adduct 13 with other silanes, such as Ph3SiH, Ph2SiH2 or PhSiH3, lead to the 
formation of the corresponding cationic germylenes (15 - 17 respectively, scheme 5). In the two first 
examples, the products are obtained as orange oils in good yields (78 % for 15 and 77 % for 16). 
 
 
Scheme 5. Synthesis of cationic germylenes 15, 16 and 17 
 
Germylene 15 presents an AX-system observed in the 31P{1H}-NMR spectrum with similar chemical 
shifts to that of germylene 14 (δ =1.4 (PIII) and 29.7 ppm (PIV), 1JPP = 426.9 Hz for 15 vs δ = -2.9 (PIII) 
and 29.5 ppm (PIV), 1JPP = 402.9 Hz for 14). However, in case of a smaller silane, like Ph2SiH2 (16), the 
signal for the phosphorus atom bonded to the silicon appears at higher field (δ = -23.5 (PIII) and 35.4 
ppm (PIV), 1JPP = 378.9 Hz). Even more strong high-field shift was observed for the cationic germylene 
17 with smaller PhH2Si group (δ = -55.3 (PIII) and 36.6 ppm (PIV), 1JPP = 368.1 Hz). The formation of the 
HB(C6F5)3- anion was indicated by a doublet in the 11B-NMR spectrum (δ = -24.7 ppm, 1JBH = 96.1 Hz), 
confirming the formation of a B-H bond. 
In the 29Si{1H}-NMR spectrum, a doublet of doublets, due to the P-Si coupling, is observed in all 
cases (table 1), and a high-field displacement of the chemical shifts was observed on the series: 
Ph3SiH → Ph2SiH2 → PhSiH3. Indeed, the 29Si{1H}-NMR of starting silanes shows a systematic high-field 
shift upon increasing the number of H atoms on the silicon centre (Ph3SiH = -17.8 ppm, Ph2SiH2 = -
33.6 ppm, PhSiH3 = -60.0 ppm). 
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29Si{1H}-NMR δ (ppm) 1JSiP (Hz) 2JSiP (Hz) 
Ph3Si (15) -2.5 64.0 13.4 
Ph2HSi (16) -20.4 122.0 18.0 
PhH2Si (17) -47.1 24.6 5.2 
Table 1. 29Si{1H}-NMR chemical shifts for cationic germylenes 15, 16 and 17 
 
In the cases of 15 and 16, the position of the silyl group on the P atom (P-adduct) rather than on 
germanium (Ge-adduct in figure 4), was confirmed by 2D (1H - 1H)-NOESY experiments. In the case of 
cationic germylene 15, there is a correlation in the space between the proton atoms of the o-CH of 
the phenyl groups of the -SiPh3 moiety (δ = 7.77 ppm) and the tert-butyl amino group of the 
phosphine ligand (δ = 0.88 ppm). In the case of compound 16, the spatial correlation is between the 
proton of the silyl group (δ = 6.06 ppm) and two different moieties of the phosphine ligand, the tert-
butyl amino group (δ = 1.16 ppm) and the methyl substituent (δ = 0.35 ppm) (figure 4). This is 
probably due to the favoured conformation of 16 with two phenyl groups at the less hindered side, 
at opposite to the bulky tert-butyl groups of the phosphine ligand. 
 
 
 
Figure 4. 2D (1H-1H) NOESY experiments of germylenes 15 (left) and 16 (right) 
 
As mentioned before, in contrast to the 31P{1H}-NMR chemical shifts of P(III) in cationic 
germylenes with a trialkyl- or triarylsilyl groups appearing around 0 ppm, those of germylenes with 
smaller silanes, such as diphenylsilane or phenylsilane, considerably shift to down field (-23.5 and -
55.3 ppm, respectively). This is probably due to the enhanced pyramidalization of the P(III) atom in 
the case of small silyl groups (C and D in figure 5). In the case of more hindered silanes, the P(III) 
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atom might be essentially planar and interacts with the germylene via a π-donation of its lone pair (A 
and B in figure 5). 
 
 
Figure 5. 31P{1H}-NMR chemical shift of cationic germylenes with different silyl groups 
 
Indeed, such a tendency of phosphorus chemical shifts was observed for acyclic 
diphosphinogermylenes (figure 6).[14] In this case, two different 31P{1H}-NMR chemical shift were 
observed for the two P(III) atoms presenting different geometries. The planar phosphine appears at δ 
= 81.9 ppm, while the pyramidalized phosphine appears at considerably higher field (δ = -61.6 ppm). 
 
 
Figure 6. 31P{1H}-NMR data for a diphosphinogermylene 
 
Another possibility to explain the high-field shift on the series of cationic germylenes (14 - 17) 
moving from Ph3SiH → Ph2SiH2 → PhSiH3 can be related to the size of the silane used (figure 7). 
 
Figure 7. 31P{1H}-NMR chemical shits of the cationic germylenes 
 
The same tendency of shifting of the phosphorus chemical shift to higher field decreasing the 
silane size, has been already observed in the case of diphenylphosphino-silanes described in the 
literature (figure 8).[15,16] 
 
 
Figure 8. 31P{1H}-NMR chemical shift of diphenylphosphino-silanes 
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 B.1. X-ray crystal structure of cationic germylene 
All the attempts to obtain single-crystals of cationic P,N-heterocyclic germylenes (14-17) suitable 
for X-ray diffraction analysis failed, and this is probably due to the nature of perfluorophenylborate 
anion. In order to enhance the crystallinity of the compounds, we considered to prepare the same 
type of cationic germylenes with a different counter anion, such as 
bis(trifluoromethanesulfonyl)imide anion (NTf2¯). For this purpose, the reaction between the neutral 
germylene 7 and Me3Si-NTf2 was performed, affording the corresponding cationic trimethylsilyl 
adduct of the germylene (18) in 85 % of yield (scheme 6). 
 
 
Scheme 6. Synthesis of cationic germylene 18 
 
In the 31P{1H}-NMR spectrum an AX-system in the similar region to those of previously described 
germylenes was observed (δ = 5.7 and 30.8 ppm, 1JPP = 397.4 Hz). The presence of the NTf2- counter-
anion was confirmed by 19F{1H}-NMR spectroscopy, with a singlet at δ = -79.9 ppm.[17] 
Yellow single-crystals of compound 18 suitable for X-ray diffraction analysis, were obtained from a 
fluorobenzene / pentane [1 : 1] solution at room temperature (figure 9). 
 
 
Bond lengths [Å] Angles [˚] 
Ge1-N1 1.877(2) N1-Ge1-P1 99.6(13) 
Ge1-P1 2.238(5) Ge1-P1-Si1 116.8(2) 
P1-Si1 2.250(5) Si1-P1-P2 125.0(4) 
P1-P2 2.141(7) Ge1-P1-P2 115.1(3) 
P2-C1 1.751(4) P1-P2-C1 103.5(2) 
C1-C2 1.372(6) C2-N1-Ge1 133.5(3) 
C2-N1 1.363(5)   
Figure 9. Molecular structure of compound 18 (Hydrogen atoms are omitted for clarity), and selected 
bond distances and angles. 
 
The molecular structure of compound 18 confirms the presence of the silyl group on the P atom. 
There is not significant interaction between the cationic germylene and NTf2¯ counter anion (shortest 
contact Ge - N = 3.687 Å). The structure shows a significantly short Ge-P1 bond (2.24 Å) 
corresponding to a Ge+-P- multiple bond. indeed, this value is similar to that observed for germylene 
7 (2.25 Å) and phosphino-germylenes (2.23 - 2.29 Å).[14,18] In addition, the structure also shows an 
essentially planar geometry around P1 atom (Ʃα(P1) = 356.9 ˚), suggesting an important Ge-P π-
interaction (canonical structure B in figure 10). In addition, the Ge-N1 bond distance is shorter than 
in germylene 7 (1.88 Å vs. 1.92 Å in 7), which indicates an enhanced N=Ge π-bond character 
compared to neutral germylene 7 (canonical structure C in figure 10). This data suggest that the 
germylene 18 is stabilized by the π-donation from both, amino and phosphino substituents. 
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Figure 10. Canonical structures of germylene 18 
 
In order to get better insight into the electronic structure of germylene 14, DFT calculations of the 
molecular structure were performed at the M06-2X/6-311+G(d,p) level of theory (figure 11). 
 
 
Bond lengths [Å] Angles [˚] 
Ge1-N1 1.891 N1-Ge1-P1 98.9 
Ge1-P1 2.346 Ge1-P1-P2 108.3 
P1-P2 2.143 Ge1-P1-Si1 111.0 
P1-Si1 2.302 P2-P1-Si1 116.6 
P2-C1 2.751 P1-P2-C2 102.9 
C1-C2 1.372 C1-N1-Ge1 131.8 
C2-N1 1.370   
Figure 11. Calculated molecular structure of cationic germylene 14 and selected bond lengths and angles 
 
In contrast to the X-ray structure of compound 18, calculated molecular structure of 14 shows a 
strongly pyramidalized geometry around P1 atom (Ʃα(P1) = 335.9 ˚) and, as a consequence, it shows a 
significantly elongated Ge-P1 bond (2.346 Å) relative to that of germylene 7 (2.247 Å) and phosphino-
germylenes (2.23 - 2.29 Å).[14,18] This value is similar to the Ge(II)-P(III) bond distance without Ge=P π-
interaction observed for the push-spectator diphosphinogermylene [(Dipp2P)2Ge:] (Ge-P = 2.382 Å) 
(figure 6).[14] Donor-stabilized phosphino-germylenes are also known to present long Ge-P bond 
lengths (2.33 - 2.43 Å), which correspond to single bonds.[8,19–22] 
On the other hand, the Ge-N1 bond distance is shorter than in germylene 7 (1.891 Å vs. 1.918 Å in 
7), which indicates an enhanced N=Ge π-bond character. This data suggest that cationic germylene 
14 is stabilized principally by the π-donation of the amino group, and the phosphino group behaves 
as spectator substituent (push-spectator system), similarly to the case of the (amino)(phosphino)-
carbene[23] and the diphosphinogermylene.[14] 
The difference of geometry of the P1 atom between the X-ray molecular structure and the 
structure obtained by DFT calculations, could be rationalized by the packing forces in the X-ray 
structure, which would oblige the phosphorus atom to adopt a planar geometry. 
It has been predicted, by DFT calculations, that the introduction of a phosphorus atom in mono-P 
substituted germylenes has the opposite effect than in case of amino-germylenes, and its singlet-
triplet energy gap is even smaller than carbon-substituted germylenes (figure 12).[24] 
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Figure 12. Comparison of ΔES-T values of mono-substituted germylenes 
 
This small ΔES-T value is mainly due to two reasons: phosphorus is less electronegative than 
carbon and nitrogen (P = 2.1 vs. C = 2.5 vs. N = 3.0), so the phosphino substituent is a more strongly 
σ-donating group than alkyl- and amino groups. Furthermore, it is much weaker π-donor than amino 
groups due to the high energetic cost that requires to achieve a planar geometry (about 30 - 35 
kcal/mol). 
As a consequence, the introduction of a second phosphino substituent should destabilize the 
germylene and increase the reactivity, which explains why only a few stable phosphino and 
diphosphinogermylenes have been synthetized so far (figure 13).[14,18,25] 
 
 
Figure 13. Examples of acyclic mono- and diphosphino-germylenes 
 
DFT calculations have predicted the strong pyramidalization of P1 atom and a long Ge-P bond 
distance, like a single bond, in germylene 14 indicating only a weak or no Ge=P π-interaction and thus 
its high reactivity. The calculations also show that, although the energy gap of the frontier orbitals 
(ΔEHOMO-1-LUMO = 6.0 eV) is similar to that of neutral germylene 7 (ΔEHOMO-1-LUMO = 6.0 eV), the LUMO, 
localized on the Ge atom (figure 14), is significantly lower in energy than that of the neutral 
germylene 7 (-4.2 eV for 14 vs. -0.6 eV for 7), suggesting its strong electrophilic character. 
 
   
LUMO (-4.2 eV) HOMO (-9.9 eV) HOMO-1 (-10.2 eV) 
Figure 14. Surface diagrams of the frontier orbitals of cationic germylene 14 and their corresponding 
energy values (calculated at M06-2X/6-311+G(d,p) 
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Reactivity of cationic germylenes 
 
A. Reaction of germylene 17 with phenylsilane. 
Cationic germylenes are very reactive species. Indeed, the less hindered derivative 17 (R3Si = 
PhH2Si) reacts with one equivalent of phenylsilane at room temperature, via a germylene insertion 
into a Si-H bond, to afford the corresponding disilylated compound 19 (scheme 7). The product has 
been obtained as a yellow oil in 40 % yield. Since the germanium centre now is chiral, 19 was 
obtained as a mixture of two diastereoisomers in a [65 : 35] ratio. It should be noted that the 
previously reported mono-amino germylene, synthetized by Jones and co-workers,[26] does not react 
with silanes. 
 
Scheme 7. Synthesis of disilylated compound 19 
 
In contrast to the almost spontaneous first activation of silane by the germylene-borane adduct 
13, the reaction of the second molecule of phenylsilane with cationic germylene 17 is relatively slow 
(scheme 8). 
 
Scheme 8. 
Reaction of germylene-borane adduct 13 with an excess of PhSiH3 
 
In fact, after 30 minutes of reaction, three different AX-systems are observed in the 31P{1H}-NMR 
spectrum: the cationic germylene 17 (δ = -49.2 (PIII) and 36.4 (PIV) ppm, 1JPP = 370.0 Hz) and the two 
distereoisomers of 19. The reaction was completed after one night at room temperature (figure 15). 
 
 
Figure 15. 31P{1H}-NMR spectra corresponding to the reaction of germylene-borane 13 with phenylsilane 
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In the 31P{1H}-NMR spectrum of compound 19, an AX-system is observed for each diastereoisomer 
(δ = -201.3 / - 189.0 (PIII) and 38.9 / 40.8 ppm (PIV), 1JPP = 336.0 / 342.7 Hz). The formation of the 
HB(C6F5)3¯ anion was clearly indicated by a doublet in the 11B-NMR spectrum (δ = -24.7 ppm, 1JBH = 
96.1 Hz), confirming the presence of a B-H bond. The 29Si{1H}-NMR spectrum exhibits two signals, one 
for each silyl group, as doublet of doublets (table 2). The largest Si-P coupling constant (1JSiP = 41.2 
Hz) is the range expected for phosphorus-silicon coupling constants in phosphinosilanes (1JSiP = 23 - 
54 Hz).[7–11] 
 
29Si{1H} NMR δ (ppm) 1JSiP (Hz) 2JSiP (Hz) 3JSiP (Hz) 
Ge-SiPhH2 -51.8  21.7 10.0 
P-SiPhH2 -40.9 41.2 7.3  
Table 2. 29Si{1H}-NMR chemical shifts of compound 19 
 
In the 1H-NMR spectrum, five deshielded signals corresponding to five different protons are 
observed (δ = 3.70 - 6.50 ppm) (figure 16). The signal at lower field (δ = 6.50 ppm) corresponds to the 
Ge-H bond. Its low-field chemical shift, compared to that of classical hydrogermanes (δ = 3.66 - 3.80 
ppm),[28] can be explain by an increased proton acidity due to the presence of the silyl moiety on the 
germanium atom. Using 1H-1H COSY and 1H-29Si{1H}-HSQC experiments, it is possible to confirm that 
the two signals at higher field (δ = 3.75 and 3.89 ppm) correspond to the two protons of the SiPhH2 
unit attached to Ge atom (Ge-SiPhH2 in Figure 16), presenting large Si-H coupling constants (29Si{1H} = 
-51.8 ppm, 1JSiH = 222.4 and 219.2 Hz, respectively) characteristic of hydrosilanes (1JSiH = 195.6 - 221.0 
Hz).[27] The couple of signals at 4.63 and 5.01 ppm belongs to the protons of the other SiH2Ph moiety 
(29Si{1H} = -40.9 ppm, 1JSiH = 221.8 and 223.3 Hz, respectively). 
 
Figure 
16. Portion of the 1H-NMR spectrum of compound 19 
 
The 1H{31P}-NMR spectroscopy allowed us to distinguish between the two SiPhH2 groups. The 
protons appearing at 4.63 and 5.01 ppm present the largest P-H coupling constant values (2JPH = 17.5 
and 8.3 Hz), confirming that they correspond to the silyl group bonded to the phosphorus atom (P-
SiPhH2 in figure 16). The 1H-1H COSY-NMR shows that the signal corresponding to the Ge-H (δ = 6.50 
ppm) couples with the two protons of only one SiPhH2 moiety (3JHH = 2.5 and 4.9 Hz, respectively), 
while no direct coupling with silicon was observed in 1H-29Si{1H} HQSC experiments, confirming the 
structure of compound 19 (figure 17). 
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Figure 17. Selected NMR-data of compound 19 
 
Compound 19 has been also obtained by reaction of the cationic germylene 14 with two 
equivalents of PhSiH3 (scheme 9). Although the mechanism of the reaction is still unclear, this result 
suggests a reversibility of the Si-H cleavage by the germylene-borane adduct 13. The generated 
complex 13 reacts, in situ, with 2 equivalents of the smaller phenylsilane to give the stable bis-adduct 
19. 
 
 
Scheme 9. Reaction between cationic germylene 14 and PhSiH3 
 
B. Cycloaddition reactions with dimethylbutadiene 
The high reactivity of the cationic germylene 14 is also clearly demonstrated by the immediate 
reaction with 2,3-dimethyl-1,3-butadiene in fluorobenzene at room temperature, to give the 
corresponding [4+1] cycloadduct 20, that was isolated as a yellow oil (scheme 10). 
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Scheme 10. Reaction of germylene 14 with 2,3-dimethyl-1,3-butadiene 
 
In the 31P{1H}-NMR spectrum, an AX-system (δ = -168.0 (PIII) and -40.3 ppm (PIV), 1JPP = 368.1 Hz) is 
observed. The resonance of the three-coordinate phosphorus atom bonded to the SiEt3 shifted to 
significantly high field compared to that of the starting material (δ = -168.0 ppm vs. -2.5 ppm in 14). A 
similar phenomenon was also observed in the 29Si{1H}-NMR spectrum. Indeed, the resonance is high-
field shifted (δ = -14.6 ppm, 1JSiP = 79.0 and 2JSiP = 4.0 Hz) relative to those observed for germylene 14 
(δ = 26.1 ppm, 1JSiP = 38.7 and 2JSiP = 9.0 Hz). Contrary to the examples previously described in the 
literature,[29,30] the molecular structure of compound 20 is asymmetrical due to the asymmetric 
bicyclic backbone, leading to a complicated 1H- and 13C{1H}-NMR spectrum patterns. 
Similarly, cationic germylene 16 (R3Si = -SiHPh2) also reacts with 2,3-dimethyl-1,3-butadiene 
affording the corresponding [4+1] cycloadduct 21 (scheme 11). 
 
Scheme 11. Two pathways to synthesize compound 21 
 
All the NMR data of compound 21 are very similar to those observed for the cycloadduct 20, being 
able to distinguish between the quaternary carbons, CH2- and CH3- of the germa-cyclopentadiene 
fragment (figure 18). 
 
 
Figure 18. Selected 1H- and 13C{1H}-NMR chemical shifts of compound 20 
 
In the 29Si{1H}-NMR spectrum, the chemical shift is comparable to that of the starting material (δ = 
-16.4 ppm vs. -20.4 ppm in 16). However, the Si-P coupling constants decreased, in agreement with a 
geometry change around this bond (1JSiP = 40.9 Hz and 2JSiP = 8.1 Hz vs 1JSiP = 122.0 Hz and 2JSiP = 18.0 
Hz in 16). The presence of the silyl group on the phosphorus atom was confirmed by 2D-{1H-1H} 
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NOESY experiments, which show correlation through the space between the proton on the silyl 
group (δ = 5.85 ppm) and the o-CH of the phenyl substituents (δ = 7.80 ppm) with the tert-butyl 
amino group on the PIV atom (δ = 1.41 ppm) (figure 19). 
 
 
Figure 19. 2D{1H-1H} NOESY experiment of compound 21 
 
Furthermore, the same product 21 can be obtained by the reaction of germacyclopentane 9 with 
a silylium cation generated in situ from a [1 : 1] mixture of diphenylsilane and B(C6F5)3 (scheme 9). 
 
C. Reaction with alkenes. 
We also consider the reaction of cationic germylene 14 with olefins.[31] Germylene 14 slowly 
reacts with ethylene and allyltrimethylsilane, at room temperature, leading to the formation of the 
corresponding germiranes via [2+1] cycloaddition reactions (22 and 23, respectively) (scheme 12). 
 
 
Scheme 12. Reaction of germylene 14 with ethylene and allyltrimethylsilane 
 
Ethylene is poorly reactive and it was not possible to complete the reaction after one week (max. 
conversion = 75 %), even with an increased pressure of ethylene (3 bars). In the 31P{1H}-NMR 
spectrum, compound 22 is characterized by an AX-system with a large P-P coupling constant (δ = -
157.0 (PIII) and 35.6 ppm (PIV), 1JPP = 364.2 Hz). In case of germirane 23, the presence of the two new 
chiral centres (germanium and cyclic-CHR atoms), a mixture of four diastereoisomers is observed in 
solution (table 3). 
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31P{1H}-NMR Major (34 %) 30 % 20 % Minor (17 %) 
δ(PIII) (ppm) -129.0 -140.9 -147.7 -179.7 
δ(PIV) (ppm) 40.5 37.1 38.0 37.5 
1JPP (Hz) 413.4 403.0 406.9 378.8 
Table 3. 31P{1H}-NMR chemical shift of diastereoisomers of germirane 23 
 
For compound 22 various 1H-NMR signals (δ = 2.5 - 3.5 ppm) in the range of CH2-germiranes 
fragments previously described in the literature (δ = 2.90 ppm)[32] were observed, however it was not 
possible to assign them due to the uncompleted reaction. In the case of compound 23, the mixture of 
four diasteroisomers leads a complicated pattern in 1H- and 13C{1H}-NMR. 
In the case of electron-poor olefins, such as styrene, 1,2-diphenylethylene or vinyltrimethylsilane, 
no reaction was observed. This is probably due to the strongly electrophilic character of germylene 
14 (low LUMO energy level). It is worth noting that neither germylene 7 nor germylene-borane 
adduct 13 react with ethylene. 
It has been reported that transient germylenes react with N-phenylmaleimide to afford the 
corresponding germiranes.[32] However, in the case of the germylene 14, we observed the formation 
of polycyclic germane 24, as a mixture of two diasteroisomers, in a [70 : 30] ratio, as a result of the 
reaction of 14 with 2 equivalents of N-phenylmaleimide (scheme 13). The reaction probably starts 
with the [2+1] cycloaddition of 14 with N-phenylmaleimide to afford the corresponding cycloadduct, 
which then reacts with another equivalent of maleimide by a carbonyl insertion into the Ge-C bond 
of three-membered ring. The resulting product looses triethylsilane induced by the nucleophilic 
attack of the amido function to the borate anion, to give the final product 24. 
 
 
Scheme 13. Reaction of germylene 14 with N-phenylmaleimide 
 
In the 31P{1H}-NMR spectrum, two AX-systems (one for each diasteroisomer) with large P-P 
coupling constants are observed (δ = -177.6 / -171.9 (PII) and 59.0 / 57.6 ppm (PIV), 1JPP = 445.8 / 
448.8 Hz). Yellow crystals of compound 24 were obtained from a [1 : 1] fluorobenzene / diethylether 
solution at room temperature (figure 20). The molecular structure of compound 24 was confirmed by 
X-ray diffraction analysis. 
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Figure 20. Molecular structure of compound 24 (only one diasteroisomer is represented. Hydrogen atoms 
are omitted for clarity) 
 
Bond distances [Å] Angles [˚] 
N1-Ge1 1.854(19) N1-Ge1-P1 117.1(7) 
Ge1-O1 1.865(17) C30-Ge1-O1 89.1(9) 
Ge1-C30 1.981(3) C37-O2-B1 125.5(2) 
C30-C31 1.531(4) N1-Ge1-O1 101.9(8) 
C31-C34 1.573(4) N1-Ge1-C30 111.6(10) 
C34-O1 1.383(3) P1-Ge1-O1 113.9(6) 
C34-N4 1.477(3) P1-Ge1-C30 118.6(8) 
N4-C37 1.326(3) Ge1-P1-P2 94.3(4) 
C37-O2 1.266(3) C1-P2-P1 113.4(17) 
O2-B1 1.557(3) C2-N1-Ge1 117.3(4) 
Ge1-P1 2.220(8) P1-Ge1-O1 113.9(6) 
P1-P2 2.101(11)   
P2-C1 1.744(5)   
C1-C2 1.369(7)   
C2-N1 1.377(6)   
Table 4. Bond distances and angles chosen for compound 24 
 
D. Hydrosilylation reactions. 
 D.1. Reaction with ketones 
Hydrosilylation of carbon-oxygen double bonds is a mild method for selective reduction of the 
carbonyl function. Although the reaction is exergonic, a catalyst is generally required to achieve 
adequate rates;[36] consequently, many catalysts have been developed for this important reaction. 
As a metal free catalytic system, it is known that the hydrosilylation of ketones can be catalysed 
by strong Lewis acids, such as B(C6F5)3. In this process, the key step is the activation of the Si-H bond 
of the silane by the Lewis acid, to generate a strongly electrophilic silyl species which readily reacts 
with the carbonyl function. Then, the hydride transfer from the borate to the resulting carbocation, 
leads to the hydrosilylated product regenerating the free Lewis acid (figure 21).[37] 
 
Chapter IV. Reactivity of a P,N-Heterocyclic Germylene-Borane adduct 
179 
 
 
Figure 21. Mechanism of the hydrosilylation of carbonyl groups using B(C6F5)3 
 
The cationic germylene 14, generated by the reaction of the germylene-borane complex 13 and 
triethylsilane, reacts with 2,2,2-trifluoroacetophenone via hydrosilylation of the ketone at room 
temperature, to quantitatively afford the corresponding alkoxysilane, and regenerating the 
germylene-borane adduct 13 (scheme 14). 
 
Scheme 14. Hydrosilylation of trifluoroacetophenone 
 
The alkoxysilane was completely characterized by NMR spectroscopy, and compared with the 
data previosly reported in the literature.[38] In the 1H-NMR spectrum, the signal corresponding to the 
CH was identified as a quadruplet at 5.03 ppm, due to the coupling with the fluorine atoms of the 
CF3- group (3JHF = 6.6 Hz). In the 13C{1H}-NMR spectrum, the central carbon shifts to 74.0 ppm also as 
quadruplet (2JCF = 31.5 Hz), while the silicon atom (δ = 24.6 ppm) appears in the typical range for 
siloxanes (δ = from -10 to 60 ppm).[39] 
 
 D.2. Reaction with CO2 
The reduction of carbon dioxide to transform it into useful organic molecules is an important field 
in chemistry, due to the rising of the greenhouse gas CO2 and its impact in the global warming.[40] 
Among several ways to reduce carbon dioxide,[41–43] the hydrosilylation reaction is one of the most 
efficient method, due to the thermodynamically favoured Si-O bond formation in the course of the 
reaction (figure 22).[44] Indeed, since several years, many efficient transition metals catalysts for 
hydrosilylation of CO2 have been described in the literature. [45–48] 
 
Figure 
22. General mechanism for the reduction of CO2 by hydrosilylation reactions 
 
As already mentioned, B(C6F5)3 catalyses the hydrosilylation of ketones. Furthermore, it is known 
that B(C6F5)3 also catalyses the reduction of silyl formate to CH4 in presence of silane (B-D in figure 
21). However, it is not able to catalyse the hydrosilylation of the more thermodynamically stable 
carbon dioxide (figure 23). 
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Figure 23. Hydrosilylation of CO2 with B(C6F5)3 
 
In contrast, Al(C6F5)3 is capable to convert CO2 into silyl formate (step A in figure 22), but the 
product obtained is highly stable and suppresses the Si-H bond activation.[49,50] For this reasons, 
taking as advantage the different properties of the boron and aluminium Lewis acids, Chen and co-
workers have reported the catalytic reduction of CO2 to CH4 in presence of silanes, using the 
combination of Al(C6F5)3 and B(C6F5)3 as catalyst (scheme 15).[40] 
 
 
 
Scheme 15. Catalytic reduction of CO2 to CH4 by tandem hydrosilylation with mixed Al/B catalysts 
 
Of particular interest, the P-silylated cationic germylene 14 with a hydrogenoborate as counter 
anion reacts, via a hydrosilylation reaction, not only with ketones but also with CO2 at room 
temperature. Indeed, it reacts with half-equivalent of CO2 to selectively afford a silylated acetal 
H2C(OSiEt3)2, regenerating quantitatively the germylene-borane adduct 13 (scheme 16). Neither the 
formation of mono-hydrosilylated product (triethylsilyl formate), nor over-reduced products 
(CH3OSiEt3, CH4) were observed by NMR spectroscopy. 
 
Scheme 16. Hydrosilylation of CO2 by cationic germylene 14 
 
The regeneration of adduct 13 was confirmed by 31P{1H} and 11B{1H}-NMR spectroscopy. In the 1H-
NMR spectrum, the signal corresponding to the CH2 of H2C(OSiEt3)2 is a singlet at δ = 5.07 ppm. On 
the other hand, the 13C{1H}-NMR spectrum shows a signal at δ = 84.1 ppm corresponding to the 
central carbon atom, while the equivalent silicon centres appear at δ = 11.0 ppm, in the expected 
region for siloxanes (δ = from -10 to 60 ppm).[39] The complete characterization of H2C(OSiEt3)2 agrees 
with the data previously reported in the literature.[40] 
As the reaction regenerates germylene-borane adduct 13, it is possible to realize the catalytic 
hydrosilylation of CO2 in fluorobenzene at 60 ˚C, obtaining the di-hydrosilylated compound, 
H2C(OSiEt3)2, as unique product (TON = 19.9, TOF = 0.8 h-1) (scheme 17). Here again, the reaction is 
selective and only the disilylated acetal was detected. 
 
 
Scheme 17. Catalytic hydrosilylation of CO2 at 60 ˚C 
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This result is interesting because it is known that, in the case of conventional FLP systems 
(Frustrated Lewis Pair reagents) as catalysts, the reduction of CO2 to CH4 with silanes is difficult to 
achieve due to the formation of a stable FLP-CO2 adduct (figure 24).[51] 
 
 
Figure 24. Activation of CO2 by a Lewis base and a borane 
 
As a special case, a FLP system TMP (2,2,6,6-tetramethylpiperidine) / B(C6F5)3 is capable to 
catalyse the reduction of CO2 to CH4 in the presence of triethylsilane. However, this FLP system 
requires an excess amount of borane (2 equiv.) and silane (18 equiv.) to achieve the catalytic 
process,[52] and the reaction is moderately selective (scheme 18). 
 
 
Scheme 18. Tandem TMP / B(C6F5)3-catalysed reduction of CO2 to CH4 
 
As it has been mentioned before, in the presence of B(C6F5)3 the hydrosilylation reaction results in 
the over-reduction of CO2 to give CH4. In case of the FLP system 13, the reduction reaction is 
selective, leading to the exclusive formation of H2C(OSiEt3)2. So, why the reaction is so selective with 
compound 13 as catalyst, even in presence of B(C6F5)3? 
DFT calculations show that the LUMO of the cationic germylene 14, localized mainly on the Ge 
atom, is low in energy. Therefore, the fist step of the reaction could be a [2+1] cycloaddition between 
the strongly electrophilic germylene centre and the molecule of CO2 (step A in figure 25). The 
resulting cycloadduct should then isomerize by the migration of the silyl group on the phosphorus 
atom to the oxygen of the CO2 fragment, opening the three-membered ring to generate a cationic 
germanium centre (step B in figure 25). Then, the hydride transfer from the borate anion to the 
carbon atom would give the silyl formate and regenerates the catalyst 13 (step C in figure 25). Then, 
germylene-borane complex 13 readily reacts with triethylsilane to regenerate the silylated cationic 
germylene 14 (step D in figure 25), which reduces the triethylsilyl formate to give the H2C(OSiEt3)2. 
Nevertheless, additional DFT calculations are necessary to conclude the mechanism of the 
hydrosilylation reaction. 
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Figure 25. Proposed mechanism for the selective hydrosilylation of CO2 by compound 14 
 
In the proposed catalytic cycle (figure 25), B(C6F5)3 is always sequestrated, either as germylene-
borane adduct (13) or as borate counter anion (14), preventing the over-reduction of the disilylated 
acetal, catalysed by B(C6F5)3. This, as well as the inertness of germylene 14 towards H2C(OSiEt3)2, 
explains the high selectivity of the reaction. Piers and co-workers, in their recently report of selective 
hydrosilylation of carbon dioxide using scandium / B(C6F5)3 complex as catalyst (complex 2 in scheme 
19), also explain the high selectivity of the reaction by the sequestration of B(C6F5)3 from the reaction 
media (forming a donor-acceptor adduct with the Sc complex or a borate anion).[53] 
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Scheme 19. Mechanism of the hydrosilylation of CO2 with the scandium / B(C6F5)3 complex 
 
It is worth nothing that the selective reduction of CO2 remains an important challenge. Indeed, to 
date, only a few transition metal complexes that allow the selective hydrosilylation of CO2 to 
H2C(OSiEt3)2 are known (figure 26).[44,53–55] Recently, an Iron based catalyst for the highly selective 
hydroboration of carbon dioxide to H2C(OBR2)2 has been reported by Bontemps / Sabo-Etienne group 
(IV in figure 26).[56] 
 
Figure 26. Transition metal complexes able to catalyse selectively hydrosilylation and hydroboration of CO2 
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III. Conclusions and perspectives 
 
In this chapter we have shown that germylene-borane Lewis pair 13 can activate silanes by 
heterolytic cleavage of a Si-H bond, at room temperature, to obtain a new family of cationic 
germylenes with H-B(C6F5)3¯ as counter-anion (14 - 18). 
More interestingly, the resulting cationic germylene 14 reacts with various reagents, such as 
silanes or 2,3-dimethyl-1,3-butadiene. This results clearly indicate that the germylene-borane adduct 
13 behaves as a new type of frustrated Lewis pair providing a multi-activation system of small 
molecules. This particular property of adduct 13 was successfully applied for the selective catalytic 
hydrosilylation of CO2. 
 
All these results open the possibility to apply the germylene-borane complex 13 for other catalytic 
reactions, as well as to the possibility of develop new P,N-germylene based Lewis pairs with different 
donor-acceptor combinations. 
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Synthesis of cationic germylene 14: 
 
P. M. = 1230.66 g/mol 
 
To a solution of germylene-borane adduct 13 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), Et3SiH 
(4.3 μL, 0.03 mmol) was added at room temperature. The dark red solution turns to yellow. The 
evaporation of the solvent under vacuum gave the product 14 as a yellow oil (36.7 mg, yield = 85.4 
%). The product was analysed without any further purification. 
 
NMR 31P{1H} (161 MHz, C6D6-C6H5F, δ ppm): 
-2.5 (d, 1JPP = 402.7 Hz, P-SiEt3), 29.4 (d, 1JPP = 402.7 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, C6D6-C6H5F, δ ppm): 
15.9 (s, Si(CH3)2), 26.1 (dd, 1JSiP = 38.7 Hz, 2JSiP = 9.0 Hz, P-SiEt3). 
 
NMR 11B{1H} (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3). 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 H, 6F, o-
B(C6F5)3). 
 
NMR 1H (400 MHz, C6D6-C6H5F, δ ppm): 
0.51 (s, 6H, SiCH3), 1.05 (m, 6H, Si-CH2), 1.08 (m, 3H, CH3iPr), 1.09 (m, 9H, SiEt3), 1.11 (m, 3H, CH3iPr), 
1.15 (s, 9H, CH3tBu), 1.22 (m, 1H, CH2bridge), 1.24 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.26 (s, 9H, CH3tBu), 1.29 
(d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.35 (m, 1H, CH2), 1.52 (m, 2H, CH2), 1.59 (m, 1H, CH2bridge), 1.77 (m, 1H, 
CH2), 2.55 (s, 1H, CHbridgehead), 2.70 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 2.94 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 
3.10 (br, 1H, H-B(C6F5)3), 3.42 (s, 1H, CHbridgehead), 7.21 (d, 3JHH = 1.7 Hz, 1H, CHm-Ar), 7.23 (d, 3JHH = 1.9 
Hz, 1H, CHm-Ar), 7.32 (t, 3JHH = 1.9 Hz, 1H, CHp-Ar). 
 
NMR 13C{1H} (100 MHz, C6D6-C6H5F, δ ppm): 
2.9 (s, SiCH3), 4.5 (s, SiCH3), 7.2 (d, 2JCP = 10.2 Hz, Si-CH2), 7.41 (s, SiEt3), 22.2 (s, CH3iPr), 22.5 (s, CH3iPr), 
24.6 (s, CH2), 25.5 (s, CHiPr), 25.5 (s, CHiPr), 27.2 (s, CH2), 27.9 (s, CH3iPr), 28.2 (s, CH3iPr), 31.5 (d, 3JCP = 
5.4 Hz, CH3tBu), 31.9 (d, 3JCP = 4.2 Hz, CH3tBu), 45.4 (d, 3JCP = 5.1 Hz, CHbridgehead), 46.9 (d, 3JCP = 8.5 Hz, 
CH2bridge), 48.9 (d, 2JCP = 9.1 Hz, CHbridgehead), 53.5 (s, CtBu), 53.9 (s, CtBu), 108.3 (dd, 1JCP = 108.9 Hz, 2JCP = 
24.1 Hz, C-P), 124.4 (s, CHm-Ar), 124.6 (s, CHm-Ar), 125.3 (s, CHp-Ar), 136.5 (d, 1JCF = 240.7 Hz, Co-p-
B(C6F5)3), 140.2 (s, CAr), 144.1 (s, CAr), 146.0 (s, CAr), 148.7 (d, 1JCF = 243.0 Hz, Cm-B(C6F5)3), 177.3 (d, 3JCP 
= 6.1 Hz, C-N). 
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Synthesis of cationic germylene 14’ from germylene 7: 
 
 
P.M. = 1396.70 g/mol 
 
To a fluorobenzene solution (0.5 mL) of germylene 7 (0.03 g, 0.05 mmol), [Et3Si][B(C6F5)4] (0.04 g, 
0.05 mmol), generated in situ, was added at room temperature, turning the solution’s colour to 
yellow. After 20 min at room temperature, the solvent was evaporated under vacuum and the 
product was extracted with pentane. After evaporation of the solvent, product 14’ was obtained as a 
yellow oil. 
 
NMR 31P{1H} (202 MHz, C6D5Cl, δ ppm): 
-2.5 (d, 1JPP = 404.3 Hz, P-SiEt3), 29.6 (d, 1JPP = 404.3 Hz, CN=CP). 
 
NMR 29Si{1H} (99 MHz, C6D5Cl, δ ppm): 
15.5 (s, Si(CH3)2), 26.1 (dd, 1JSiP = 38.6 Hz; 2JSiP = 8.9 Hz, SiEt3). 
 
NMR 11B (160 MHz, C6D5Cl, δ ppm): 
-16.1 (s, B(C6F5)4¯). 
 
NMR 19F{1H} (470 MHz, C6D5Cl, δ ppm): 
-166.5 (m, 6F, m-B(C6F5)4), -162.8 (t, 3JFF = 20.7 Hz, 3F, p-B(C6F5)4), -131.7 (d, 3JFF = 9.6 Hz, 6F, o-
B(C6F5)4). 
 
NMR 1H (500 MHz, C6D5Cl, δ ppm): 
0.23 (s, 6H, SiCH3), 0.43 (d, 3JPH = 2.6 Hz, 6H, Si-CH2), 0.99 (s, 9H, SiEt3), 0.99 (d, 3JHH = 6.9 Hz, 3H, 
CH3iPr), 1.05 (s, 9H, CH3tBu), 1.13 (d, 3JHH = 6.9 Hz, 6H, CH3iPr), 1.17 (s, 9H, CH3tBu), 1.18 (d, 3JHH = 6.9 Hz, 
3H, CH3iPr), 1.24 (m, 1H, CH2bridge), 1.39 (m, 2H, CH2), 1.48 (m, 2H, CH2), 1.67 (m, 1H, CH2bridge), 2.45 (s, 
1H, CHbridgehead), 2.57 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 2.80 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.31 (s, 1H, 
CHbridgehead), 7.01 (d, 3JHH = 7.3 Hz, 1H, CHm-Ar), 7.05 (d, 3JHH = 7.3 Hz, 1H, CHm-Ar), 7.25 (t, 3JHH = 7.7 Hz, 
1H, CHp-Ar).  
 
NMR 13C{1H} (125 MHz, C6D5Cl, δ ppm): 
2.9 (s, SiCH3), 4.5 (s, SiCH3), 7.2 (d, 2JCP = 10.2 Hz, Si-CH2), 7.4 (s, SiEt3), 22.2 (s, CH3iPr), 22.5 (s, CH3iPr), 
24.6 (s, CH2), 25.5 (s, CHiPr), 25.5 (s, CHiPr), 27.2 (s, CH2), 27.9 (s, CH3iPr), 28.2 (s, CH3iPr), 31.5 (d, 3JCP = 
5.4 Hz, CH3tBu), 31.9 (d, 3JCP = 4.2 Hz, CH3tBu), 45.4 (d, 3JCP = 5.1 Hz, CHbridgehead), 46.9 (d, 3JCP =8.5 Hz, 
CH2bridge), 48.9 (d, 2JCP = 9.1 Hz, CHbridgehead), 53.5 (s, CtBu), 53.9 (s, CtBu), 108.3 (dd, 1JCP = 108.9 Hz, 2JCP = 
24.1 Hz, C-P), 124.4 (s, CHm-Ar), 124.6 (s, CHm-Ar), 125.3 (s, CHp-Ar), 136.5 (d, 1JCF = 240.7 Hz, Co-p-
B(C6F5)4), 139.4 (br, CB), 140.2 (s, CAr), 144.1 (s, CAr), 146.0 (s, CAr), 148.7 (d, 1JCF = 243.0 Hz, Cm-
B(C6F5)4), 177.3 (d, 2JCP = 6.1 Hz, C-N). 
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Synthesis of cationic germylene 15: 
 
P.M. = 1374.79 g/mol 
 
To a solution of germylene-borane adduct 13 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), Ph3SiH 
(0.01 g, 0.03 mmol) was added at room temperature. The dark red solution turns to yellow. The 
evaporation of the solvent under vacuum, gives the product 15 as a red oil (0.03 g, yield = 77 %). The 
product was analysed without any further purification. 
 
NMR 31P{1H} (202 MHz, C6D6-C6H5F, δ ppm): 
1.4 (d, 1JPP = 426.9 Hz, P-SiPh3), 29.7 (d, 1JPP = 426.9 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, C6D6-C6H5F, δ ppm): 
-2.5 (dd, 1JSiP = 64.0 Hz, 2JSiP = 13.4 Hz, SiPh3), 16.5 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3). 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-C6F5), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-C6F5), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-C6F5). 
 
NMR 1H (500 MHz, C6D6-C6H5F, δ ppm): 
0.47 (s, 3H, SiCH3), 0.49 (s, 3H, SiCH3), 0.88 (s, 9H, CH3tBu), 1.02 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.06 (s, 9H, 
CH3tBu), 1.09 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.20 (m, 1H, CH2bridge), 1.22 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.28 
(d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.29 (m, 1H, CH2), 1.46 (m, 1H, CH2), 1.52 (m, 1H, CH2), 1.61 (m, 1H, 
CH2bridge), 1.78 (m, 1H, CH2), 2.54 (s, 1H, CHbridgehead), 2.67 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 2.92 (sept, 3JHH 
= 6.9 Hz, 1H, CHiPr), 3.05 (br, 1H, H-B(C6F5)3¯), 3.43 (s, 1H, CHbridgehead), 7.28 (m, 2H, CHm-Ar), 7.29 (m, 
6H, CHm-SiPh3), 7.31 (t, 3JHH = 1.6 Hz, 1H, CHp-Ar), 7.40 (m, 3H, CHp-SiPh3), 7.77 (m, 6H, CHo-SiPh3). 
 
NMR 13C{1H} (125 MHz, C6D6-C6H5F, δ ppm): 
2.7 (s, SiCH3), 4.3 (s, SiCH3), 21.8 (s, CH3iPr), 22.2 (s, CH3iPr), 24.6 (s, CH2), 25.2 (s, CH3iPr), 25.2 (s, CH3iPr), 
27.2 (s, CH2), 27.9 (s, CHiPr), 28.3 (s, CHiPr), 30.8 (d, 3JCP = 6.3 Hz, CH3tBu), 31.4 (d, 3JCP = 5.0 Hz, CH3tBu), 
45.7 (dd, 3JCP = 7.8 Hz, 4JCP = 3.5 Hz, CHbridgehead), 46.8 (d, 3JCP = 8.9 Hz, CH2bridge), 49.0 (d, 2JCP = 9.5 Hz, 
CHbridgehead), 53.3 (s, CtBu), 53.8 (s, CtBu), 109.2 (dd, 1JCP = 108.0 Hz, 2JCP = 24.8 Hz, C-P), 124.4 (s, CHm-Ar), 
124.5 (s, CHm-Ar), 129.4 (s, CHp-SiPh3), 129.7 (s, CHp-Ar), 131.8 (s, CHp-SiPh3), 133.2 (s, CSiPh3), 136.7 (d, 3JCP = 
2.1 Hz, CHo-SiPh3), 137.0 (d, 1JCF = 247.4 Hz, Co-p-B(C6F5)3), 140.2 (d, 3JCP = 6.3 Hz, CAr), 144.1 (s, CAr), 
146.1 (s, CAr), 148.7 (d, 1JCF = 241.9 Hz, Cm-B(C6F5)3), 176.8 (dd, 2JCP = 5.2 Hz, 3JCP = 2.1 Hz, C-N). 
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Synthesis of cationic germylene 16: 
 
P.M. = 1298.69 g/mol 
 
To a solution of the germylene-borane adduct 13 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), 
Ph2SiH2 (5.57 μL, 0.03 mmol) was added at room temperature. The dark red solution turns to yellow. 
The evaporation of the solvent under vacuum gives the product 16 as yellow oil (0.027 g, yield = 77 
%). The product was analysed without any further purification. 
 
NMR 31P{1H} (202 MHz, C6D6-C6H5F, δ ppm): 
-23.5 (d, 1JPP = 378.9 Hz, P-SiHPh2), 35.4 (d, 1JPP = 378.9 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, C6D6-C6H5F, δ ppm): 
-20.4 (dd, 1JSiP = 122.0 Hz; 2JSiP = 18.0Hz, P-SiHPh2), 17.9 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3) 
 
NMR 19F{1H} (292 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-
B(C6F5)3). 
 
NMR 1H (500 MHz, C6D6-C6H5F, δ ppm): 
0.35 (s, 3H, SiCH3), 0.48 (s, 3H, SiCH3)0.99 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 0.99 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 
1.14 (s, 9H, CH3tBu), 1.16 (s, 9H, CH3tBu), 1.21 (d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.24 (m, 1H, CH2bridge), 1.26 
(d, 3JHH = 6.9 Hz, 3H, CH3iPr), 1.28 (m, 1H, CH2), 1.52 (m, 1H, CH2), 1.55 (m, 1H, CH2), 1.64 (d, 3JHH = 8.9 
Hz, 1H, CH2bridge), 1.77 (m, 1H, CH2), 2.48 (s, 1H, CHbridgehead), 2.72 (sept, 3JHH = 6.9 Hz, 1H, CHiPr), 2.90 
(sept, 3JHH = 6.9 Hz, 1H, CHiPr), 3.14 (br, 1H, H-B(C6F5)3¯), 3.39 (s, 1H, CHbridgehead), 6.06 (dd, 1JHSi = 223.0 
Hz, 2JHP = 7.4 Hz, 3JHP = 5.1 Hz, 1H, Si-H), 7.15 (m, 2H, CHm-Ar), 7.25 (m, 1H, CHp-Ar), 7.32 (m, 4H, CHm-
SiPh2), 7.66 (t, 3JHH = 1.1 Hz, 1H, CHp-SiPh2), 7.67 (t, 3JHH = 1.3 Hz, 1H, CHp-SiPh2), 7.77 (m, 4H, CHo-SiPh2). 
 
NMR 13C{1H} (125 MHz, C6D6-C6H5F, δ ppm): 
3.0 (s, SiCH3), 4.0 (s, SiCH3), 22.0 (s, CH3iPr), 22.2 (s, CH3iPr), 24.3 (s, CH2), 25.3 (s, CH3iPr), 25.4 (s, CH3iPr), 
26.9 (s, CH2), 28.1 (s, CHiPr), 28.3 (s, CHiPr), 31.3 (s, CH3tBu), 31.4 (s, CH3tBu), 45.1 (dd, 3JCP = 7.3 Hz, 4JCP = 
3.1 Hz, CHbridgehead), 47.5 (d, 3JCP = 8.3 Hz, CH2bridge), 48.7 (d, 2JCP = 9.7 Hz, CHbridgehead), 53.6 (s, CtBu), 53.8 
(s, CtBu), 108.5 (dd, 1JCP = 103.7 Hz, 2JCP = 22.2 Hz, C-P), 124.4 (s, CHm-Ar), 124.7 (s, CHm-Ar), 127.9 (s, CHp-
Ar), 128.9 (s, CHm-SiPh2), 129.1 (s, CHm-SiPh2), 131.4 (s, CAr), 134.3 (s, CHp-SiPh2), 135.3 (d, 3JCP = 2.8 Hz, CHo-
SiPh2), 135.4 (d, 3JCP = 3.0 Hz, CHo-SiPh2), 137.0 (d, 1JCF = 249.2 Hz, Co-p-B(C6F5)3), 139.8 (d, 2JCP = 5.3 Hz, 
CSiPh2), 144.3 (s, CAr), 146.3 (s, CAr), 148.6 (d, 1JCF = 243.4 Hz, Cm-B(C6F5)3), 177.8 (dd, 2JCP = 5.4 Hz, 3JCP = 
2.5 Hz, C-N).  
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Synthesis of cationic germylene 18: 
 
P.M. = 955.72 g/mol 
 
To a solution of germylene 7 (0.03 g, 0.05 mmol) in fluorobenzene (0.5 mL), one equivalent of Me3Si-
NTf2 (12.0 μL, 0.05 mmol) is added at room temperature. The pale yellow solution turns to red. After 
15 min, product 18 was analysed without any further purification. Suitable crystals for X-ray 
diffraction analysis were obtained from a mixture of fluorobenzene / pentane [1 : 1] at room 
temperature. 
 
NMR 31P{1H} (162 MHz, C6D6-C6H5F, -53 ˚C, δ ppm): 
5. (d, 1JPP = 395.2 Hz, P-SiMe3), 30.5 (d, 1JPP = 395.2 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, C6D6-C6H5F, -53 ˚C, δ ppm): 
14.1 (br, P-SiMe3), 16.4 ppm (br, Si(CH3)2). 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-78.4 (s, 6F, CF3). 
 
NMR 1H (400 MHz, C6D6-C6H5F, -43 ˚C, δ ppm): 
0.36 (s, 6H, SiCH3), 0.47 (d, 2JSiH = 5.6 Hz, 9H, P-SiCH3), 0.95 (s, 6H, CH3iPr), 0.96 (s, 9H, CH3tBu), 1.06 
(s, 3H, CH3iPr), 1.06 (m, 1H, CH2), 1.08 (s, 9H, CH3tBu), 1.18 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.25 (m, 
2H, CH2), 1.40 (br, 1H, CH2bridge), 1.45 (br, 1H, CH2), 1.55 (br, 1H, CH2bridge), 2.30 (s, 1H, 
CHbridgehead), 2.58 (sept, 3 JHH = 6.4 Hz, 1H, CHiPr), 2.81 (sept, 3 JHH = 6.8 Hz, 1H, CHiPr),  3.21 (s, 1H, 
CHbridgehead), 6.60-7.20 (m, 3H, CHAr). 
 
NMR 13C{1H} (100 MHz, C6D6-C6H5F, -43 ˚C, δ ppm): 
2.7 (s, SiCH3), 3.0 (d, 2JPC= 10.7 Hz, P-SiCH3), 4.4 (s, SiCH3), 21.9 (s, CH3iPr), 22.6 (s, CH3iPr), 24.2 (s, 
CH2bridge), 25.7 (s, CH3iPr), 26.8 (s, CH2bridge), 27.9 (s, CHiPr), 28.1 (s, CHiPr), 31.2 (d, 3JPC = 5.1 Hz, CH3tBu), 
31.4 (s, CH3tBu), 45.5 (d, 3JPC = 5.5 Hz, CHbridgehead), 47. 0 (d, 3JPC = 8.6 Hz, CH2bridge), 48.6 (d, 2JPC = 8.9 Hz, 
CHbridgehead), 53.3 (s, CtBu), 53.5 (s, CtBu), 109.1 (dd, 1JPC = 103.3 Hz, 2JPC = 23.1 Hz, C-P), 118.8 (s, CHAr), 
122.0 (s, CHAr), 129.2 (s, CHAr), 140.6 (s, CAr), 143.9 (s, CAr), 146.3 (s, CAr), 176.2 (br, C-N). 
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Synthesis of compound 19 from cationic germylene 17: 
 
 
                              P.M. = 1330.81 g/mol 
 
To a fluorobenzene solution (0.5 mL) of germylene-borane adduct 13 (0.03 g, 0.03 mmol), excess of 
PhSiH3 (7.42 μL, 2 eq, 0.05 mmol) was added at room temperature. After 1 h at room temperature, 
all the volatiles are removed under vacuum, product 19 was obtained as a yellow oil (0.01 g, yield = 
40 %). 
 
Cationic germylene 17: 
NMR 31P{1H} (162 MHz, -35 ˚C, C6D6-C6H5F, δ ppm): 
-55.3 (d, 1JPP = 368.1 Hz, P-SiH2Ph), 36.6 (d, 1JPP = 368.1 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, -35 ˚C, C6D6-C6H5F, δ ppm): 
-47.1 (dd, 1JSiP = 24.6 Hz; 2JSiP = 5.2 Hz, P-SiPh2H), 18.1 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3) 
 
NMR 19F{1H} (292 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-
B(C6F5)3). 
 
NMR 1H (400 MHz, -35 ˚C, C6D6-C6H5F, δ ppm): 
0.29 (s, 3H, SiCH3), 0.34 (s, 3H, SiCH3)0.79 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 0.88 (m, 6H, CH3iPr), 0.96 (s, 9H, 
CH3tBu), 1.03 (s, 9H, CH3tBu), 1.13 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.24 (m, 4H, CH2), 1.44 (m, 1H, CH2bridge), 
1.54 (m, 1H. CH2bridge), 2.22 (s, 1H, CHbridgehead), 2.50 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 2.75 (sept, 3JHH = 6.8 
Hz, 1H, CHiPr), 3.14 (br, 1H, H-B(C6F5)3¯), 3.19 (s, 1H, CHbridgehead), 4.95 (dt, 1JHSi = 197.7 Hz,2JHH = 8.8 Hz, 
2JHP = 22.3 Hz, 3JHP = 6.4 Hz, 1H, Si-H), 5.09 (q, 1JSiH = 197.7 Hz, 2JHH = 8.8 Hz, 2JPH = 9.8 Hz, 3JPH = 6.4 Hz, 
1H, Si-H), 7.16 (m, 3H, CHm-Ar), 7.16 (m, 3H, CHm and p-SiPh), 7.50 (d, 3JHH = 7.1 Hz, 2H, CHo-SiPh). 
 
NMR 13C{1H} (100 MHz, -35 ˚C, C6D6-C6H5F, δ ppm): 
2.4 (s, SiCH3), 3.9 (s, SiCH3), 21.6 (s, CH3iPr), 22.2 (s, CH3iPr), 23.9 (s, CH2), 25.3 (s, CH3iPr), 25.7 (s, CH3iPr), 
26.5 (s, CH2), 28.0 (s, CHiPr), 28.2 (s, CHiPr), 30.7 (d, 3JCP = 6.1 Hz, CH3tBu), 31.0 (s, CH3tBu), 45.3 (d, 3JCP = 
4.5 Hz, CHbridgehead), 47.4 (d, 3JCP = 9.0 Hz, CH2bridge), 48.4 (d, 2JCP = 10.0 Hz, CHbridgehead), 51.8 (s, CtBu), 
52.2 (s, CtBu), 109.4 (dd, 1JCP = 103.8 Hz, 2JCP = 22.4 Hz, C-P), 124.4 (s, CHm-Ar), 124.6 (s, CHm-Ar), 128.1 (s, 
CHp-Ar), 128.9 (s, CHm-SiPh), 131.6 (s, CHp-SiPh), 135.5 (d, 3JCP = 2.1 Hz, CHo-SiPh), 137.9 (d, 1JCF = 248.3 Hz, 
Co-p-B(C6F5)3), 137.0 (s, CAr), 139.3 (d, 2JCP = 4.4 Hz, CSiPh), 143.7 (s, CAr), 146.7 (s, CAr), 148.7 (d, 1JCF = 
241.2 Hz, Cm-B(C6F5)3), 176.9 (dd, 2JCP = 8.0 Hz, 3JCP = 6.2 Hz, C-N). 
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Compound 19 
 
NMR 31P{1H} (202 MHz, C6D6-C6H5F, δ ppm): 
-201.3 (d, 1JPP = 336.0 Hz, P-SiH2Ph), 38.9 (d, 1JPP = 336.0 Hz, CN=CP). 
 
NMR 29Si{1H} (79 MHz, C6D6-C6H5F, δ ppm): 
-51.8 (dd, 2JSiP = 21.7 Hz; 3JSiP = 10.0 Hz, Ge-SiH2Ph), -40.9 (dd, 1JSiP = 41.2 Hz; 2JSiP = 7.3 Hz, P-SiH2Ph), 
18.3 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3) 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-
B(C6F5)3). 
 
NMR 1H (500 MHz, C6D6-C6H5F, δ ppm): 
0.40 (s, 3H, CH3SiMe), 0.50 (s, 3H, CH3SiMe), 1.09 (d, JHH = 6.7 Hz, 3H, CH3iPr), 1.11 (d, JHH = 6.7 Hz, 3H, 
CH3iPr), 1.17 (d, JHH = 6.7 Hz, 3H, CH3iPr), 1.18 (d, JHH = 6.7 Hz, 3H, CH3iPr), 1.30 (d, JHH = 0.6 Hz, 9H, 
CH3tBu),1.31 (d, JHH = 0.6 Hz, 9H, CH3tBu), 1.44 (m, 2H, CH2), 1.62 (m, 1H, CH2), 1.69 (m, 2H, CH2), 1.74 
(m, 1H, CH2), 2.00 (m, 1H, CHbridgehead), 3.04 (sept, JHH = 6.7 Hz, 1H, CHiPr), 3.08 (sept, JHH = 6.7 Hz, 1H, 
CHiPr), 3.19 (br, 1H, CHbridgehead), 3.75 (dddd, 1JSiH = 222.4 Hz, 3JPH = 6.9 Hz, 2JHH = 4.0 Hz, 1H, Ge-SiH2Ph), 
3.89 (ddd, 1JSiH = 219.2 Hz, 3JPH = 1.3 Hz, 2JHH = 4.0 Hz, 1H, Ge-SiH2Ph), 4.26 (br, 1H, H-B(C6F5)3), 4.63 
(ddd, 1JSiH = 221.8 Hz, 2JPH = 8.3 Hz, 3JPH = 6.2 Hz, 2JHH = 7.5 Hz, 1H, P-SiH2Ph), 5.01 (ddd, 1JSiH = 223.3 Hz, 
2JPH = 17.5 Hz, 3JPH = 8.4 Hz, 2JHH = 7.5 Hz, 1H, P-SiH2Ph), 6.50 (dddd, 2JPH = 17.9 Hz, 3JPH = 10.3 Hz, 3JHH = 
4.9 Hz, 3JHH = 2.5 Hz, 1H, Ge-H), 7.07 (m, 2H, CHAr), 7.13 (m, 1H, CHAr), 7.21 (m, 6H, CHm-p-Ph), 7.62 (m, 
4H, CHo-Ph). 
 
NMR 13C{1H} (125 MHz, C6D6-C6H5F, δ ppm): 
2.9 (s, Si(CH3)2), 4.8 (s, Si(CH3)2), 23.9 (s, CH3iPr), 24.2 (s, CH3iPr), 24.6 (s, CH3iPr), 24.8 (s, CH3iPr), 25.6 (s, 
CH2), 27.9 (s, CH2), 27.9 (s, CHiPr), 28.3 (s, CHiPr), 31.4 (d, 3JCP = 6.0 Hz, CH3tBu), 32.6 (d, 3JCP = 5.8 Hz, 
CH3tBu), 43.9 (d, 3JCP = 7.6 Hz, CHbridgehead), 44.7 (d, 3JCP = 6.4 Hz, CH2bridge), 47.8 (d, 2JCP = 10.6 Hz, 
CHbridgehead), 52.9 (d, 2JCP = 1.1 Hz, CtBu), 53.7 (s, CtBu), 97.9 (dd, 1JCP = 102.8 Hz, 2JCP = 8.9 Hz, C-P), 124.9 
(s, CHAr), 125.2 (s, CHAr), 128.2 (s, CHAr), 128.6 (s, CHm-Ph), 128.9 (s, CHm-Ph), 131.2 (s, CHp-Ph), 131.8 (s, 
CHp-Ph), 134.9 (d, 3JCP = 7.4 Hz, CHo-Ph), 134.9 (s, CHo-Ph), 137.0 (d, 1JCF = 246.3 Hz, Co-p-B(C6F5)3), 140.2 
(d, 4JCP = 1.6 Hz, CAr), 144.9 (s, CAr), 145.6 (s, CAr), 148.7 (d, 1JCF = 238.5 Hz, Cm-B(C6F5)3), 180.1 (d, 2JCP = 
11.8 Hz, C-N). 
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Synthesis of cationic cycloadduct 20: 
 
P.M. = 1312.80 g/mol 
 
To a red solution of cationic germylene 14, freshly prepared by adding Et3SiH (4.3 μL, 0.03 mmol) to a 
solution of germylene 13 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), 2,3-dimethyl-1,3-butadiene 
(4.30 μL, 0.03 mmol) was added at room temperature. Solvent was evaporated, yielding the product 
20 as a yellow oil. 
 
NMR 31P{1H} (121 MHz, C6D6-C6H5F, δ ppm): 
-168.0 (d, 1JPP = 368.1 Hz, P-SiEt3), 40.3 (d, 1JPP = 368.1 Hz, CN=CP). 
 
NMR 29Si{1H} (99 MHz, C6D6-C6H5F, δ ppm): 
-14.6 (dd, 1JSiP = 79.0 Hz, 2JSiP = 4.0 Hz, P-SiEt3), 15.8 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3) 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-
B(C6F5)3). 
 
NMR 1H (500 MHz, C6D6-C6H5F, δ ppm): 
0.29 (s, 3H, Si(CH3)2), 0.33 (s, 6H, CH3), 0.39 (s, 3H, Si(CH3)2), 0.55 (s, 9H, SiCH2CH3), 1.09 (d, 3JHH = 6.7 
Hz, 3H, CH3iPr), 1.11 (m, 2H, Ge-CH2), 1.12 (d, 3JHH = 6.7 Hz, 3H, CH3iPr), 1.17 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 
1.19 (m, 6H, Si-CH2), 1.22 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.31 (m, 1H, CH2bridge), 1.31 (s, 9H, CH3tBu), 1.34 
(s, 9H, CH3tBu), 1.59 (m, 2H, CH2), 1.61 (m, 1H, CH2bridge), 1.74 (m, 2H, CH2), 1.77 (m, 2H, Ge-CH2), 2.59 
(s, 1H, CHbridgehead), 2.97 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 3.25 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.35 (s, 1H, 
CHbridgehead), 4.26 (br, 1H, H-B(C6F5)3), 7.24 (m, 2H, CHm-Ar), 7.26 (m, 1H, CHp-Ar). 
 
NMR 13C{1H} (125 MHz, C6D6-C6H5F, δ ppm): 
0.87 (s, CH3), 2.7 (s, Si(CH3)2), 2.8 (s, Si(CH3)2), 3.57 (s, SiCH2CH3), 6.9 (dd, 2JCP = 11.7 Hz, 3JCP = 2.9 Hz, 
Si-CH2), 23.4 (s, CH3iPr), 25.0 (s, CH3iPr), 25.4 (s, CH3iPr), 26.6 (s, CH2), 26.8 (s, CH3iPr), 27.4 (s, CH2), 27.6 
(s, CHiPr), 27.8 (s, CHiPr), 31.2 (d, 3JCP = 6.2 Hz, CH3tBu), 31.5 (d, 3JCP = 6.2 Hz, CH3tBu), 44.8 (d, 3JCP = 9.6 
Hz, CHbridgehead), 46.4 (d, 2JCP = 6.2 Hz, Ge-CH2), 47.1 (d, 3JCP = 6.7 Hz, CH2bridge), 47.8 (d, 2JCP = 11.5 Hz, 
CHbridgehead), 53.2 (d, 2JCP = 4.2 Hz, CtBu), 98.8 (dd, 1JCP = 102.7 Hz, 2JCP = 11.0 Hz, C-P), 124.8 (s, CHm-Ar), 
124.9 (s, CHm-Ar), 128.7 (s, CHp-Ar), 134.0 (d, 3JCP = 2.1 Hz, Colefin), 136.9 (d, 1JCF = 243.0 Hz, Co-p-B(C6F5)3), 
140.7 (CAr), 145.8 (CAr), 146.0 (CAr), 148.8 (d, 1JCF = 240.9 Hz, Cm-B(C6F5)3), 173.3 (d, 2JCP = 10.3 Hz, C-N).  
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Synthesis of cationic cycloadduct 21: 
 
P.M. = 1380.83 g/mol 
 
To a red solution of cationic germylene 16, freshly prepared by adding Ph2SiH2 (5.00 μL, 0.03 mmol) 
to a solution of germylene 13 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), 2,3-dimethyl-1,3-
butadiene (3.00 μL, 0.03 mmol) was added at room temperature. After evaporaton of solvents under 
vacuum, the product 21 was obtainded as a yellow oil (0.03 g, yield = 81 %). 
 
NMR 31P{1H} (202 MHz, C6D6-C6H5F, δ ppm): 
-175.2 (d, 1JPP = 339.9 Hz, P-SiHPh2), 37.6 (d, 1JPP = 339.9 Hz, CN=CP). 
 
NMR 29Si{1H} (99 MHz, C6D6-C6H5F, δ ppm): 
-16.4 (dd, 1JSiP = 40.9 Hz, 2JSiP = 8.1 Hz, P-SiHPh2), 18.5 (s, Si(CH3)2). 
 
NMR 11B (96 MHz, C6D6-C6H5F, δ ppm): 
-24.7 (d, 1JBH = 96.1 Hz, H-B(C6F5)3) 
 
NMR 19F{1H} (282 MHz, C6D6-C6H5F, δ ppm): 
-167.4 (m, 6F, m-B(C6F5)3), -164.9 (t, 3JFF = 20.3 Hz, 3F, p-B(C6F5)3), -132.6 (d, 3JFF = 19.1 Hz, 6F, o-
B(C6F5)3). 
 
NMR 1H (500 MHz, C6D6-C6H5F, δ ppm): 
-0.33 (s, 3H, Si(CH3)2), 0.45 (s, 3H, Si(CH3)2), 0.52 (d, 2JHH = 19.3 Hz, 1H, Ge-CH2), 0.66 (d, 2JHH = 19.3 Hz, 
1H, Ge-CH2), 1.02 (s, 3H, CH3), 1.04 (m, 1H, CH2bridge), 1.05 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.13 (d, 3JHH = 
6.8 Hz, 3H, CH3iPr), 1.13 (d, 3JHH = 6.8 Hz, 3H, CH3iPr), 1.14 (m, 2H, CH2), 1.25 (d, 3JHH = 6.8 Hz, 3H, CHiPr), 
1.32 (s, 9H, CH3tBu), 1.36 (m, 1H, CH2), 1.42 (s, 9H, CH3tBu), 1.42 (m, 1H, CH2bridge), 1.59 (s, 3H, CH3), 1.61 
(m, 1H, CH2), 2.10 (d, 2JHH = 17.8 Hz, 1H, Ge-CH2), 2.26 (d, 2JHH = 17.8 Hz, 1H, Ge-CH2), 2.42 (s, 1H, 
CHbridgehead), 2.93 (sept, 3JHH = 6.7 Hz, 1H, CHiPr), 3.16 (sept, 3JHH = 6.8 Hz, 1H, CHiPr), 3.18 (s, 1H, 
CHbridgehead), 4.56 (br, 1H, H-B(C6F5)3), 5.85 (d, 1JSiH = 219.2 Hz, 2JPH= 6.4 Hz, 1H, Si-H), 7.06 (m, 1H, CHm-
Ar), 7.09 (m, 1H, CHp-Ar), 7.17 (m, 1H, CHp-Ph), 7.19 (m, 1H, CHm-Ar), 7.28 (m, 2H, CHm-Ph), 7.32 (m, 2H, 
CHm-Ph), 7.36 (m, 1H, CHp-Ph), 7.62 (d, 3JHH = 1.8 Hz, 1H, CHo-Ph), 7.63 (d, 3JHH = 1.6 Hz, 1H, CHo-Ph), 7.79 
(d, 3JHH = 1.6 Hz, 1H, CHo-Ph), 7.81 (d, 3JHH = 1.4 Hz, 1H, CHo-Ph). 
 
NMR 13C{1H} (125 MHz, C6D6-C6H5F, δ ppm): 
1.8 (s, Si(CH3)2), 4.7 (s, Si(CH3)2), 13.7 (s, CH3), 17.8 (s, CH3), 21.3 (s, CH2), 22.8 (s, CH3iPr), 23.7 (s, 
CH3iPr), 24.1 (s, CH3iPr), 25.0 (s, CH3iPr), 26.3 (s, CH2), 27.7 (s, CHiPr), 27.9 (s, Ge-CH2), 28.1 (s, CHiPr), 31.6 
(d, 2JCP = 0.9 Hz, Ge-CH2), 31.8 (d, 3JCP = 5.2 Hz, CH3tBu), 31.9 (d, 3JCP = 6.3 Hz, CH3tBu), 43.9 (d, 3JCP = 8.0 
Hz, CHbridgehead), 44.3 (d, 3JCP = 5.8 Hz, CH2bridge), 48.2 (d, 2JCP = 11.1 Hz, CHbridgehead), 53.3 (d, 2JCP = 1.3 Hz, 
CtBu), 53.8 (s, CtBu), 97.9 (dd, 1JCP = 100.0 Hz, 2JCP = 7.8 Hz, C-P), 124.7 (s, CHm-Ar), 127.9 (s, CHm-Ph), 128.5 
(s, CHp-Ar), 128.9 (s, CHm-Ph), 129.5 (d, 3JCP = 0.8 Hz, Colefin), 130.4 (d, 3JCP = 2.3 Hz, Colefin), 131.4 (s, CHp-
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Ph), 131.8 (s, CHp-Ph), 134.7 (d, 3JCP = 3.4 Hz, CHo-Ph), 135.4 (d, 3JCP = 3.7 Hz, CHo-Ph), 137.0 (d, 1JCF = 248.2 
Hz, Co-p-B(C6F5)3), 148.7 (d, 1JCF = 240.2 Hz, Cm-B(C6F5)3), 180.0 (d, 2JCP = 11.8 Hz, C-N). 
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 Hydrosilylation of 2,2,2-trifluoro acetophenone: 
 
 
To a solution of cationica germylene 14 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), 2,2,2-trifluoro 
acetophenone (3.8 μL, 0.03 mmol) was added at room temperature. The yellow solution turned to 
red. Quantitative conversion was observed after 4 h at room temperature by 31P{1H}- and 19F{1H}-
NMR spectroscopy. The product was analysed without any further purifications. The NMR data of 
triethyl(2,2,2-trifluoro-1-phenylethoxy)silane were identical to the previously reported in the 
literature.[38] 
 
 
Hydrosilylation of CO2: 
 
 
To a solution of cationic germylene 14 (0.03 g, 0.03 mmol) in fluorobenzene (0.5 mL), CO2 (3 bar) was 
added at room temperature. The reaction was monitored by 31P{1H}-NMR spectroscopy, confirming 
the completeness after 12 h at room temperature. The dihydrosilylated product is extracted with 
pentane and dried under vacuum, yielding the product as a colourless oil (6.5 mg, yield = 87.0 %). The 
NMR data were identical to the previously reported in the literature.[40] 
 
Catalytic hydrosilylation of CO2. To a solution of germylene-borane complex 13 (0.03 g, 0.03 mmol) 
and Et3SiH (86.0 μL, 0.54 mmol) in a pressure NMR tube, CO2 (3 bar) was added at room 
temperature. The solution was heated at 60 ˚C. The reaction was monitored by 1H- and 31P{1H}-NMR 
spectroscopy, confirming its completeness in 24 h (TON = 19.9, TOF = 0.8 h-1). 
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Inspired by the previous work realized in the group about the functionalization of phosphine-
stabilized chlorogermylenes by nucleophilic substitution reactions, we have developed the synthesis 
of stable phosphaketene functionalized germylenes supported by different phosphine ligands. 
 
The phosphaketene functionalized germylenes are thermally labile and easily undergo thermal 
decarbonylation, affording the corresponding transient germylene-phosphinidene. The evolution of 
these intermediates is strongly related to the nature of the phosphine ligand, and in the case of the 
bulkier four-membered cyclic diamino-phosphine, the ligand migrates from the germanium to the 
phosphorus atom to form a new six-membered cyclic germylene. 
 
This new N,P-heterocyclic germylene presents, in addition to a high thermal stability, a relatively 
small HOMO-LUMO energy gap due to the stabilization provided by the phosphanylidene-
phosphorane substituent. As a consequence, it presents an enhanced reactivity compared to that of 
classical N-heterocyclic germylenes. Of particular interest, the P,N-heterocyclic germylene is able to 
react with a bulky borane such as B(C6F5)3to form a stable germylene-borane adduct without 
germylene insertion into B-C bond. 
 
This germylene-borane complex can activate silanes by heterolytic cleavage of the Si-H bond via 
FLP type reaction, to obtain a new family of cationic P-silylated germylenes. Interestingly, the 
resulting cationic germylene is also highly reactive and readily activates another molecule, indicating 
that the germylene-borane adduct behaves as a multi-activation system of small molecules. This 
unprecedented activation system has been successfully applied for the selective catalytic 
hydrosilylation of carbon dioxide. It is worth noting that such a catalytic transformation of CO2 
cannot be achieved using classical FLP systems. 
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Compound 3c chapter 2 
 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 10.665(2) Å        α = 90˚ 
 b = 16.093(3) Å        β = 97.275(16)˚ 
 c = 19.502(4) Å       γ = 90˚ 
Volume 3320.3(11) Å3 
Density (calculated) 1.261 Mg/m3 
Absorption coefficient 1.081 mm-1 
Crystal size 0.20 x 0.15 x 0.15 mm3 
Empirical formula C30 H49 Ge N3 O P2 Si 
Formula weight 630.34 
Temperature 90 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 1336.0 
Theta range for data collection 3.94 to 36.46 ˚ 
Index ranges -17<=h<=14, -26<=k<=26, -29<=l<=32 
Reflections collected 61480 
Independent reflections 16157 [R(int) = 0.0414] 
Completeness to theta = 25.68 % 99.4 % 
Absorption correction Multi-scan 
Max. and min. transmission 0.644 and 0.746 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16157 / 207 / 564 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0475, wR2 = 0.1136 
R indices (all data) R1 = 0.0750, wR2 = 0.1264 
Largest diff. peak and hole 0.861 and -0.766 eÅ-3 
 
Annexe. X-Ray Structures 
 
214 
 
Compound 5 chapter 2 
 
Crystal system Triclinic 
Space group P -1 
Unit cell dimensions a = 10.049(5) Å        α = 65.506(2)˚ 
 b = 12.079(5) Å        β = 86.298(2)˚ 
 c = 13.437(6) Å         γ = 67.257(2)˚ 
Volume 1360.02(11) Å3 
Density (calculated) 1.260 Mg/m3 
Absorption coefficient 1.28 mm-1 
Crystal size 0.12 x 0.10 x 0.04 mm3 
Empirical formula C54 H86 Ge2 N2 P4 
Formula weight 1032.35 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 2 
F(000) 548 
Theta range for data collection 5.10 to 26.37˚ 
Index ranges -12<=h<=12, -14<=k<=15, -16<=l<=16 
Reflections collected 27127 
Independent reflections 5505 [R(int) = 0.0344] 
Completeness to theta = 25.68 % 98.7 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6925 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5505 / 170 / 336 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0313, wR2 = 0.0772 
R indices (all data) R1 = 0.0399, wR2 = 0.0811 
Largest diff. peak and hole 0.533 and -0.232 eÅ-3 
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Compound 7 chapter 2 
 
Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 11.372(9) Å        α = 90˚ 
 b = 16.749(14) Å      β = 105.082(5)˚ 
 c = 18.067(15) Å       γ = 90˚ 
Volume 3322.6(5) Å3 
Density (calculated) 1.204 Mg/m3 
Absorption coefficient 1.075 mm-1 
Crystal size 0.18 x 0.03 x 0.02 mm3 
Empirical formula C29 H49 Ge N3 P2 Si 
Formula weight 602.33 
Temperature 173 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 1280 
Theta range for data collection 3.512 to 25.024˚ 
Index ranges -13<=h<=12, -19<=k<=19, -21<=l<=21 
Reflections collected 48323 
Independent reflections 5857 [R(int) = 0.2054] 
Completeness to theta = 25.68 % 99.6 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.6109 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5857 / 371 / 426 
Goodness-of-fit on F2 1.000 
Final R indices [I>2sigma(I)] R1 = 0.0621, wR2 = 0.1057 
R indices (all data) R1 = 0.1692, wR2 = 0.1370 
Largest diff. peak and hole 0.363 and -0.616 eÅ-3 
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Compound 8 chapter 2 
 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 12.679(7) Å        α = 98.898(17)˚ 
 b = 13.167(6) Å        β = 91.557(2)˚ 
 c = 22.692(12) Å      γ = 98.223(18)˚ 
Volume 3699.5(3) Å3 
Density (calculated) 1.171 Mg/m3 
Absorption coefficient 0.971 mm-1 
Crystal size 0.18 x 0.03 x 0.02 mm3 
Empirical formula C32.50 H57 Ge N3 P2 Si 
Formula weight 652.43 
Temperature 173 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 1396 
Theta range for data collection 2.829 to 33.142˚ 
Index ranges -19<=h<=19, -18<=k<=20, -34<=l<=34 
Reflections collected 144120 
Independent reflections 28136 [R(int) = 0.0696] 
Completeness to theta = 25.68 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7468 and 0.6777 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 28136 / 182 / 825 
Goodness-of-fit on F2 1.009 
Final R indices [I>2sigma(I)] R1 = 0.0454, wR2 = 0.0951 
R indices (all data) R1 = 0.1097, wR2 = 0.1195 
Largest diff. peak and hole 0.867 and -0.761 eÅ-3 
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Compound 10 chapter 3 
 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 17.020(7) Å        α = 90˚ 
 b = 15.422(5) Å        β = 95.454(18)˚ 
 c = 19.577(8) Å      γ = 90˚ 
Volume 5115.2(3) Å3 
Density (calculated) 1.162 Mg/m3 
Absorption coefficient 0.722 mm-1 
Crystal size 0.16 x 0.16 x 0.08 mm3 
Empirical formula C48 H81 Ge N3 O2 P2 Si 
Formula weight 894.77 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 1928 
Theta range for data collection 2.835 to 25.775˚ 
Index ranges -20<=h<=20, -18<=k<=18, -23<=l<=23 
Reflections collected 88431 
Independent reflections 9747 [R(int) = 0.0830] 
Completeness to theta = 25.68 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7440 and 0.6897 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9747 / 243 / 603 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0355, wR2 = 0.0781 
R indices (all data) R1 = 0.0628, wR2 = 0.0917 
Largest diff. peak and hole 0.361 and -0.335 eÅ-3 
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Compound 11 chapter 3 
 
Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 10.213(5) Å        α = 90˚ 
 b = 38.399(2) Å        β = 112.726(16)˚ 
 c = 12.245(7) Å         γ = 90˚ 
Volume 4429.1(4) Å3 
Density (calculated) 1.207 Mg/m3 
Absorption coefficient 0.877 mm-1 
Crystal size 0.25 x 0.16 x 0.12 mm3 
Empirical formula C35 H67 Ge N7 P2 Si3 
Formula weight 804.75 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 1720 
Theta range for data collection 3.030 to 28.699˚ 
Index ranges -13<=h<=12, -51<=k<=51, -16<=l<=16 
Reflections collected 155966 
Independent reflections 11439 [R(int) = 0.0770] 
Completeness to theta = 25.68 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7461 and 0.6851 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11439 / 36 / 476 
Goodness-of-fit on F2 1.104 
Final R indices [I>2sigma(I)] R1 = 0.0430, wR2 = 0.0797 
R indices (all data) R1 = 0.0734, wR2 = 0.0877 
Largest diff. peak and hole 0.475 and -0.450 eÅ-3 
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Compound 12 chapter 3 
 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 12.509(4) Å        α = 108.516(12)˚ 
 b = 12.831(4) Å        β = 91.283(12)˚ 
 c = 12.970(5) Å         γ = 101.445(12)˚ 
Volume 1926.75(11) Å3 
Density (calculated) 1.225 Mg/m3 
Absorption coefficient 0.939 mm-1 
Crystal size 0.25 x 0.22 x 0.20 mm3 
Empirical formula C72 H114 Ge2 N6 O2 P4 Si2 
Formula weight 1420.93 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 1 
F(000) 756 
Theta range for data collection 2.935 to 28.324˚ 
Index ranges -14<=h<=16, -17<=k<=17, -17<=l<=17 
Reflections collected 61129 
Independent reflections 9589 [R(int) = 0.0441] 
Completeness to theta = 25.68 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.7034 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 95899 / 470 / 516 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0304, wR2 = 0.0652 
R indices (all data) R1 = 0.0407, wR2 = 0.0707 
Largest diff. peak and hole 0.577 and -0.610 eÅ-3 
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Compound 7.AuCl chapter 3 
 
Crystal system Monoclinic 
Space group P-21/n 
Unit cell dimensions a = 16.471(6) Å          α = 90˚ 
 b = 25.935(11) Å        β = 100.433(10)˚ 
 c = 26.069(8) Å           γ = 90˚ 
Volume 10951.6(7) Å3 
Density (calculated) 1.575 Mg/m3 
Absorption coefficient 5.056 mm-1 
Crystal size 0.06 x 0.04 x 0.01 mm3 
Empirical formula C87 H147 Au3 Cl3 Ge3 N9 P6 Si3 
Formula weight 2596.46 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 5192 
Theta range for data collection 5.14 to 26.37˚ 
Index ranges -20<=h<=20, -32<=k<=32, -32<=l<=32 
Reflections collected 151285 
Independent reflections 22157 [R(int) = 0.1582] 
Completeness to theta = 25.68 % 98.9 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.7034 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 22157 / 413 / 1226 
Goodness-of-fit on F2 1.003 
Final R indices [I>2sigma(I)] R1 = 0.0524, wR2 = 0.0841 
R indices (all data) R1 = 0.1239, wR2 = 0.1045 
Largest diff. peak and hole 3.556 and -1.602 eÅ-3 
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Compound 7.BH3 chapter 3 
 
Crystal system Monoclinic 
Space group P-21/n 
Unit cell dimensions a = 15.264(5) Å          α = 90˚ 
 b = 14.357(5) Å        β = 110.536(13)˚ 
 c = 16.673(4) Å           γ = 90˚ 
Volume 3421.44(19) Å3 
Density (calculated) 1.196 Mg/m3 
Absorption coefficient 1.045 mm-1 
Crystal size 0.10 x 0.08 x 0.02 mm3 
Empirical formula C58 H104 B2 Ge2 N6 P4 Si2 
Formula weight 1232.33 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 2 
F(000) 1312 
Theta range for data collection 5.109 to 26.371˚ 
Index ranges -19<=h<=19, -17<=k<=17, -20<=l<=20 
Reflections collected 50936 
Independent reflections 6934 [R(int) = 0.0762] 
Completeness to theta = 25.68 % 99.0 % 
Absorption correction Multi-scan 
Max. and min. transmission 0.7461 and 0.6769 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6934 / 364 / 449 
Goodness-of-fit on F2 1.144 
Final R indices [I>2sigma(I)] R1 = 0.0654, wR2 = 0.1376 
R indices (all data) R1 = 0.0889, wR2 = 0.1464 
Largest diff. peak and hole 0.556 and -0.655 eÅ-3 
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Compound 13 chapter 3 
 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 12.844(5) Å          α = 85.567(16)˚ 
 b = 13.3105(6) Å        β = 73.314(13)˚ 
 c = 17.334(7) Å           γ = 81.755(15)˚ 
Volume 2807.2(2) Å3 
Density (calculated) 1.427 Mg/m3 
Absorption coefficient 0.713 mm-1 
Crystal size 0.36 x 0.20 x 0.20 mm3 
Empirical formula C54 H57 B F15 Ge N3 P2 Si 
Formula weight 1206.45 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 2 
F(000) 1236 
Theta range for data collection 3.095 to 28.319˚ 
Index ranges -17<=h<=17, -17<=k<=17, -23<=l<=23 
Reflections collected 93019 
Independent reflections 13940 [R(int) = 0.0503] 
Completeness to theta = 25.68 % 99.7 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7416 and 0.6921 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13940 / 1460 / 986 
Goodness-of-fit on F2 1.068 
Final R indices [I>2sigma(I)] R1 = 0.0485, wR2 = 0.1168 
R indices (all data) R1 = 0.0682, wR2 = 0.1297 
Largest diff. peak and hole 0.721 and -0.680 eÅ-3 
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Compound 18 chapter  
 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 39.826(13) Å          α = 90˚ 
 b = 9.651(4) Å               β = 90.111(14)˚ 
 c = 24.417(11) Å           γ = 90˚ 
Volume 9385.1(7) Å3 
Density (calculated) 1.353 Mg/m3 
Absorption coefficient 0.923 mm-1 
Crystal size 0.28 x 0.22 x 0.06 mm3 
Empirical formula C34 H58 F6 Ge N4 O4 P2 S2 Si2 
Formula weight 955.6 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 8 
F(000) 3984 
Theta range for data collection 3.069 to 26.410˚ 
Index ranges -49<=h<=49, -12<=k<=12, -30<=l<=30 
Reflections collected 140145 
Independent reflections 9609 [R(int) = 0.1111] 
Completeness to theta = 25.68 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7391 and 0.6537 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9609/ 986 / 755 
Goodness-of-fit on F2 1.060 
Final R indices [I>2sigma(I)] R1 = 0.0478, wR2 = 0.0981 
R indices (all data) R1 = 0.0745, wR2 = 0.1103 
Largest diff. peak and hole 0.854 and -0.811 eÅ-3 
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Compound 24 chapter 4 
 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 21.664(3) Å          α = 90˚ 
 b = 11.968(15) Å        β = 110.440(5)˚ 
 c = 27.199(3) Å           γ = 90˚ 
Volume 6608.1(15) Å3 
Density (calculated) 1.468 Mg/m3 
Absorption coefficient 0.625 mm-1 
Crystal size 0.14 x 0.12 x 0.06 mm3 
Empirical formula C67 H63 B F15 Ge N5 O4 P2 Si 
Formula weight 1460.65 
Temperature 193 K 
Wavelength 0.71073 Å 
Z 4 
F(000) 2992 
Theta range for data collection 5.102 to 26.021˚ 
Index ranges -26<=h<=26, -14<=k<=12, -28<=l<=33 
Reflections collected 71351 
Independent reflections 12916 [R(int) = 0.0830] 
Completeness to theta = 25.68 % 99.1 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7415 and 0.6768 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12916/ 367 / 966 
Goodness-of-fit on F2 1.011 
Final R indices [I>2sigma(I)] R1 = 0.0445, wR2 = 0.0794 
R indices (all data) R1 = 0.0913, wR2 = 0.0936 
Largest diff. peak and hole 0.320 and -0.406 eÅ-3 
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Abstract 
 
The synthesis and reactivity of a new P,N-heterocyclic germylene, stabilized by a 
phosphanylidene-phosphorane moiety, are the subjects of this work. 
 
In the first chapter, a bibliographic study resumes the state of the art of principal main-group 
systems capable to activate small molecules, such as H2, NH3, ethylene, etc. following similar 
activation mechanism that those of transition metal complexes. 
The second chapter present the synthesis and full characterization of stable phosphaketenes 
functionalized germylenes supported by different phosphine ligands. These derivatives are thermally 
labile and easily undergo thermal decarbonylation, affording the corresponding transient germylene-
phosphinidene. The evolution of these intermediates is strongly related to the nature of the 
phosphine ligand coordinated to the Ge(II) centre and, in the case of the germylene stabilized by the 
bulkier four-membered cyclic diamino-phosphine, the phosphine ligand migrates from the 
germanium to the phosphorus atom to form a new six-membered cyclic germylene.  
The study of this P,N-heterocyclic germylene is the main subject in the thirds chapter. This 
germylene presents a small HOMO-LUMO energy gap due to the stabilization provided by the 
phosphanilidene-phosphorane fragment. As a consequence, it presents an enhanced reactivity 
compared to that of classical N-heterocyclic germylenes, where the singlet-triplet energy gap is 
larger. The reactivity of this new germylene, as well as its coordination ability towards Lewis acids, 
will be discussed. 
In the fourth chapter, a stable adduct of the P,N-heterocyclic germylene with a bulky borane will 
be experimental and theoretically studied. Due to the presence of multiple reactive sites in this 
germylene-borane complex, it behaves as a multiple-activation system towards small molecules. Its 
use as catalyst in some organic transformations will be also presented. 
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Résumé 
 
Ce travail de thèse est axé sur la synthèse et la réactivité d'un nouveau germylène P,N-
hétérocyclique stabilisé par un fragment phosphanylidène-phosphorane. 
 
Le premier chapitre constitue un état de l’art des études portant sur la réactivité des espèces 
dérivées du groupe principal vis-à-vis de petites molécules (H2, NH3, éthylène, etc.). Une emphase 
particulière a été apportée à la description des différents mécanismes impliqués dans l’activation des 
liaisons de hautes énergies et à leur comparaison avec ceux rencontrés dans le cas des métaux de 
transitions. 
Le deuxième chapitre présente la synthèse et la caractérisation complète de germylène-
phosphacétènes stabilisés par différents ligands phosphine fonctionnalisés. Ces dérivés sont 
thermiquement labiles et leur décarbonylation à diverse températures conduit au germylène-
phosphinidène transitoire correspondant. L'évolution de ces intermédiaires est étroitement liée à la 
nature du ligand phosphine coordinné au Ge(II) central et, dans le cas du germylène stabilisé par un 
ligand diaminophosphine à quatre chaînons très volumineux, une migration intramoléculaire 
conduisant à un nouveau germylène cyclique à six chaînons est observée. 
L’étude de ce germylène P,N-hétérocyclique fait l’objet du troisième chapitre de ce manuscrit. Ce 
germylène présente un écart énergétique HOMO-LUMO faible du fait de sa stabilisation par le 
fragment phosphanilidène-phosphorane. En conséquence, sa réactivité est accrue en comparaison 
des germylènes N-hétérocycliques classiques pour qui l'écart d'énergie singulet-triplet est supérieur. 
La réactivité de ce nouveau germylène, incluant une étude en chimie de coordination vers acides de 
Lewis, est présentée. 
Dans le quatrième chapitre, un adduit réactif du germylène P,N-hétérocyclique avec un borane a 
été étudié expérimental et théoriquement . Du fait de l’existence de plusieurs sites réactifs de 
différentes natures au sein de ce composé, il se comporte comme un système «multi-activation» vis-
à-vis de petites molécules. Son utilisation en tant que catalyseur dans des transformations 
organiques sera également présentée. 
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